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A BIOMECHANICAL CHARACTERIZATION OF THE GYMNASTICS 
ROUND-OFF BACK HANDSPRING FIRST HAND CONTACT AND 
IMPLICATIONS FOR UPPER EXTREMITY ORTHOPAEDIC INJURY 
SHANNON LINDERMAN 
ABSTRACT 
INTRODUCTION: 
Women’s gymnastics has the highest injury incidence rates for NCAA female college 
athletes. Gymnastics maneuvers may require support and transfer of the entire body 
weight from the feet to the hands. Such motions cause excessive loading and stress across 
joint surfaces which on occasion can exceed the mechanical strength of upper limb joints 
and supportive musculoskeletal structures, resulting in injuries ranging from acute 
fractures to chronic overuse injuries like osteochondritis dissecans. Recent technological 
advances have only now made it possible to analyze the complex and simultaneous 
motions in multiple planes required for evaluation of even the most basic gymnastic 
maneuvers like the round-off back handspring (ROBHS). 
 
OBJECTIVES: 
There is a paucity of data characterizing upper extremity injury causation and 
biomechanical risk factors in the small number of gymnastics studies conducted. The first 
hand contact for any gymnastics skill has never been quantitatively assessed. Therefore, 
the primary objective of this study is to perform a detailed 3D biomechanical 
characterization of the round-off back handspring (ROBHS) first hand contact and 
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evaluate any potential correlations to upper extremity injury determinants. 
 
METHODS:  
A 3D motion capture camera and force plate system captured the relative positon of 
reflective markers affixed to 62 anatomical positions on subjects during performance of 
an ROBHS. A virtual model of each subject was constructed using Nexus C-motion 
software. Programming with Visual3D and MATLAB software was used to calculate 
desired force, kinematic and kinetic variables such as joint torques and angles. Past 
medical history questionnaires were administered, and clinical range of motion and 
strength measures were assessed.  
 
RESULTS: 
Compared with other factors analyzed, hand contact order appeared to have the highest 
degree of influence on upper extremity biomechanics at both the time of initial contact 
and throughout the entire movement sequence. The second contact limb was correlated 
with a larger average ground contact force, whereas while the first contact limb was 
related to a shorter time to peak force development and larger magnitude rotational 
kinematic variables, especially at the elbow—the primary site of upper extremity injury. 
For the first hand contact, torque development at the elbow and shoulder appeared to be 
related, and wrist and shoulder variables were presumably related to ground reaction 
force (GRF) development. The proposed literature elbow injury mechanism may need 
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some adjustment to reflect the impact of elbow flexion angle on GRF and elbow valgus 
torque, key variables tied to chronic elbow joint capsule overload injuries. 
 
 
CONCLUSIONS: 
The novel information provided by this study can be used to guide future 
recommendations for the prevention of upper extremity injury in gymnastics training and 
competition. Improved understanding of associated force, kinetic, and kinematic 
biomechanical variables like joint torque could have implications for movement specific 
body positioning with the potential for extrapolation to gymnastics moves with similar 
loading patterns. Possible protective technique interventions based on study findings 
include increasing second hand elbow flexion during the round-off phase of motion or 
minimizing the time between hand contacts. 
 
 
  
  
  viii 
TABLE OF CONTENTS 
 
TITLE……………………………………………………………………………………...i 
COPYRIGHT PAGE……………………………………………………………………...ii 
READER APPROVAL PAGE…………………………………………………………..iii 
ACKNOWLEDGMENTS ................................................................................................. iv 
ABSTRACT ........................................................................................................................ v 
TABLE OF CONTENTS ................................................................................................. viii 
LIST OF TABLES ............................................................................................................ xii 
LIST OF FIGURES ......................................................................................................... xiii 
LIST OF ABBREVIATIONS .......................................................................................... xiv 
INTRODUCTION .............................................................................................................. 1 
Gymnastics injury incidence and historical epidemiological studies ............................. 1 
Trends in contemporary gymnastics biomechanics studies ............................................ 4 
Gymnastics injury causation studies ............................................................................... 9 
Elbow injury etiology ................................................................................................. 9 
Shoulder injury etiology ........................................................................................... 13 
Wrist injury etiology ................................................................................................. 14 
OBJECTIVES ................................................................................................................... 18 
Specific aims ................................................................................................................. 19 
  ix
Study improvements over the current gymnastics literature ......................................... 19 
METHODS ....................................................................................................................... 22 
Study population ........................................................................................................... 22 
Subject recruitment ....................................................................................................... 23 
Data collection methods ................................................................................................ 23 
Variables for analysis .................................................................................................... 27 
Data analysis ................................................................................................................. 31 
RESULTS ......................................................................................................................... 32 
Characterization of the ROBHS first hand contact ....................................................... 32 
Comparison of ROBHS joint angles with subjects’ average passive range of motion . 32 
Profiling of ROBHS first hand contact biomechanics .............................................. 32 
Comparison of ROBHS first hand contact biomechanics with literature-reported 
average second hand contact values ......................................................................... 34 
Comparison of the first and second ROBHS hand contacts in the current study ..... 37 
Influence of technique factors on ROBHS first hand contact biomechanics ................ 39 
Hand dominance ....................................................................................................... 39 
Hand positioning ....................................................................................................... 39 
Maximum contact force generation at contact versus push-off ................................ 40 
ROBHS first hand contact correlations to injury determinants .................................... 41 
    Elbow injury potential............................................................................................... 41 
Shoulder and wrist injury potential ........................................................................... 45 
Biomechanical differences based on previous injury history ................................... 46 
  x
Correlations for time between ROBHS hand contacts and joint stress .................... 47 
Relative timing of first hand contact biomechanical stresses for the entire ROBHS 48 
DISCUSSION ................................................................................................................... 52 
Characterization of the ROBHS first hand contact ....................................................... 52 
ROBHS first hand contact has distinct biomechanics and possibly different injury 
potential from the second hand contact .................................................................... 52 
First hand contact injury potential by joint ................................................................... 55 
    Protective literature mechanism for lateral elbow injury may need revision for the   
    first hand contact ....................................................................................................... 55 
ROBHS first hand contact rotational elbow injury risk could be linked to shoulder 
torque ........................................................................................................................ 56 
    First contact shoulder and wrist injury potential linked to ground contact force ..... 57 
Technique factors influencing first hand contact biomechanics and injury risk .......... 60 
    Gymnastics right hand dominance may offer decreased global elbow injury risk ... 60 
Second hand positioning technique does not affect first hand kinematics at initial 
impact ........................................................................................................................ 62 
Maximum ground contact force occurrence at push-off could minimize elbow    
stress .......................................................................................................................... 62 
Majority of maximum biomechanical stresses occur during the round-off ground 
contact portion of the ROBHS .................................................................................. 63 
Possible ROBHS modifications to minimize upper extremity injury potential ............ 65 
    Minimizing time between ROBHS hand contacts might lower upper extremity injury     
  xi
    Minimizing time between ROBHS hand contact might lower upper extremity injury     
    risk............................................................................................................................. 65 
Conclusion .................................................................................................................... 68 
Limitations .................................................................................................................... 70 
Future Directions .......................................................................................................... 70 
APPENDIX ....................................................................................................................... 72 
REFERENCES ................................................................................................................. 78 
CURRICULUM VITAE ................................................................................................... 82 
 
  
  xii
LIST OF TABLES 
 
 
Table Title Page 
1 Abbreviated profile of average ROBHS first hand contact 
biomechanics.  
33 
2 Significant ROBHS biomechanical differences based on relative time 
of maximum ground contact force generation.  
41 
3 Biomechanical correlations with the time duration between ROBHS 
hand contacts. 
48 
4 Abbreviated average time order of ROBHS motion sequence and 
biomechanical stress events.  
49 
A1 Complete profile of ROBHS first and second hand contact 
biomechanics. 
72 
A2 Complete average time order of ROBHS motion sequence and 
biomechanical stress events. 
75 
   
   
   
 
 
 
 
 
  xiii 
LIST OF FIGURES 
 
 
 
Figure Title Page 
1 The round-off back handspring motion sequence. 
 
5 
2 ROBHS second hand positioning techniques. 6 
3 Suggested protective effects of elbow flexion angle on 
lateral elbow injury. 
12 
4 Study experimental setup and subject marker placement. 26 
5 Subject digital modeling progression. 27 
6 Directions of 3D joint movement during the ROBHS. 30 
7 Significant biomechanical differences between ROBHS 
first and second hand contacts reported in the literature 
and current study.  
36 
8 
 
9 
Linear correlations for literature-proposed protective 
 
relationships for chronic elbow injury. 
 
Correlation between frontal plane elbow torque and 
sagittal plane shoulder torque for the ROBHS first hand 
contact. 
43 
 
44 
10 Shoulder compression force correlations at ROBHS first 
hand contact. 
46 
 
  
  xiv
LIST OF ABBREVIATIONS 
 
AE ............................................................................................................. Athlete exposures 
APGRF .................................................................. Anterior-posterior ground reaction force 
ES ..........................................................................................................................Effect size 
GRF .................................................................................................... Ground reaction force 
MANOVA......................................................................... Multivariate analysis of variance 
MGH .................................................................................. Massachusetts General Hospital 
NCAA ...................................................................National Collegiate Athletic Association 
OCD ............................................................................................. Osteochondritis dissecans 
RGRF .................................................................................. Resultant ground reaction force 
ROBHS ......................................................................................Round-off back handspring 
SLAP ............................................................ Superior labral tears from anterior to posterior 
TFCC............................................................................... Triangular fibrocartilage complex 
VGRF .................................................................................... Vertical ground reaction force 
 
 
 
 1 
INTRODUCTION 
 
Despite the high injury incidence associated with artistic gymnastics, there is a 
distinct lack of quantitative understanding of the biomechanics that contribute to injury 
causation and compensation mechanisms to protect against these stresses on the upper 
extremity. Historically, analysis was hindered by an inability to analyze the complex 
motion associated with gymnastics maneuvers. However, recent technological advances 
now permit detailed biomechanical characterization of specific gymnastics moves 
allowing for evaluation of theorized injury mechanisms and identification of potential 
biomechanically derived interventions that could limit gymnastics injury potential.  
 
Gymnastics injury incidence and historical epidemiological studies 
The nature of specific body movements required for gymnastics lends the sport to 
high injury rates. Unique maneuvers involving transfer of the entire body weight from the 
arms to the feet that generate large magnitude forces across joints are especially believed 
to contribute to injury (DiFiori, Caine & Malina, 2006). Gymnastics has been reported to 
have the highest injury incidence of all women’s college sports at 9.22 injuries/1000 
athlete-exposures (AEs) as reported by the National Collegiate Athletic Association 
(NCAA) Injury Surveillance Program from the 2009 to 2014 academic years (AEs; 95% 
CI = 8.33, 10.10) (Kerr, Hayden, Barr, Klossner, & Dompier, 2015). The incidence of 
gymnastics injury is high even at pre-collegiate levels that feature pediatric populations, 
with a reported rate of 2.155 injuries per 1000 exposure hours at a single gymnastics 
facility over a 21-year period (Saluan, Styron, Ackley, Prinzbach, & Billow, 2015). 
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Gymnastics injury incidence rates resulting in emergency room visits are even 
comparable to contact sports like hockey and soccer according to the National Electronic 
Injury Surveillance System, with an annual average of 26,600 gymnastics-related injuries 
in the United States (42% occurring at the upper extremity) (Singh, Smith, Fields, & 
McKenzie, 2008). Furthermore, the number of gymnastics athletes has reportedly 
doubled on average every decade since 1970 with 92,575 competitive gymnasts 
registered as of 2008 with USA Gymnastics, the national sport governing body (Webb & 
Rettig, 2008). 
 
Despite the high injury potential for gymnasts as conveyed by the surveillance 
data, there is a dearth of gymnastics-specific research studies. Most previous studies have 
been epidemiologic reports of injury patterns that fail to evaluate potential sources of 
injury. These studies have also been limited by the difficulty of quantifying gymnastic 
maneuvers involving simultaneous and complex movements in multiple planes (Arkaev 
& Suchilin, 2004). Therefore, the few previous gymnastics biomechanical studies 
primarily examined ground contact forces associated with maneuver landings or take-offs 
that could be measured by a force plate (Sands, Shultz, & Newman, 1993). 
Correspondingly, much of the available quantitative biomechanics data focuses on the 
lower extremity. However, these studies have at least helped to identify the highest 
priority areas for future investigation.  
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Previous studies have attempted to quantify the most frequently suffered 
gymnastics injuries. Studies emphasize the potential for catastrophic injuries like high 
level vertebral fractures as well as the high probability for chronic and overuse injuries 
resulting from repetitive motions required in gymnastics training (Keller, 2009). 
Nevertheless, most studies are limited to only citing the limb segment affected instead of 
reporting specific injury diagnoses. For example, even NCAA surveillance data cover 
only the most common upper extremity injuries as a percentage of all gymnastics injuries 
recorded in the format of elbow dislocation (1.6%), elbow ligament sprain (1.4%), 
shoulder muscle-tendon strain (1.45%), shoulder subluxation (1.0%), and upper back 
muscle-tendon strain (1.0%) (Kerr et al., 2015). 
 
Prior studies have also revealed important injury trends. Multiple epidemiologic 
studies have shown that floor exercise is the gymnastic event associated with the highest 
injury incidence and accounts for 31.1% of all reported injuries (Marshall, Covassin, 
Dick, Nassar & Agel, 2007). However, discrepancies in literature injury surveillance data 
are reported, and direct comparison of studies is difficult because of heterogeneous study 
populations that vary by gender, age, study duration, and gymnastics competition level 
(Halliday, 2013). One of the greatest sources of complication is that gymnastics 
competition levels are determined by demonstrated skill and are not segregated by age 
like many other team sports (Halliday, 2013). As a result, there can be a great disparity in 
the age of direct competitors, especially at higher levels of competition (Bradshaw & 
Hume, 2012). This complicates clinical analysis when prepubescent athletes can be 
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competing alongside older and more physiologically mature individuals (Burt, Naughton, 
Greene & Ducher, 2010). Long-term comparisons are also difficult to conduct because of 
significant changes in the sport of artistic gymnastics over the course of the last 70 years 
(Daly, Bass & Finch, 2001). For example, in 2001 modifications were made to the vault 
table based on concerns of the elevated injury incidence rates associated with gymnastics 
(Penitente & Sands, 2015). Although recent safety modifications have appeared to 
slightly lower overall gymnastics injury rates, the incidence of upper extremity injuries 
has not declined as anticipated (Kolt & Kirkby, 2005). This highlights the need for 
additional examination of potential causes of common gymnastics injuries and protective 
changes in the body movements required for specific gymnastics skills, instead of 
changes involving equipment. Therefore, there is a distinct necessity for non-
epidemiologic, biomechanics-focused studies that examine potential causes of upper 
extremity injury associated with floor exercise. 
 
Trends in contemporary gymnastics biomechanics studies 
Recent technological advances in biomechanics research have shown great 
promise specifically in the area of gymnastics study through improved capabilities to 
capture complex elements of motion in 3D. This has allowed for more quantitative study 
of gymnastics maneuvers that require motion around multiple axes like the round-off 
back handspring (ROBHS). The round-off back handspring has emerged as a recent focus 
of study for several reasons. This gymnastic skill is an integral maneuver performed 
during the floor event as part of a tumbling pass that is learned at a young age (Parassas, 
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Kwon & Sands, 2006). It can be combined with additional gymnastics skills and 
transformed into more complex maneuvers such as a round-off back handspring tuck 
(Parassas et al., 2006). The ROBHS has the added benefit for analysis of being a 
combination skill that links together a round-off maneuver with a back handspring in one 
continuous sequence, as shown in Figure 1. The ROBHS also offers a potential chance 
for research extrapolations because it is frequently used as part of tumbling sequences on 
the balance beam and as an approach in the vault event (Sands et al., 1993).  
Figure 1. The round-off back handspring motion sequence. 
The ROBHS is a combination gymnastics maneuver with a round-off phase of motion 
where subjects fall forward onto individually planted hands and perform a cartwheel 
landing simultaneously on both feet (panels 1-5). Subjects then transition directly into the 
back hand-spring motion phase which involves jumping off from both feet, inverting 
backwards in the air to simultaneously land on both hands in a handstand position, and 
then rotating back into a standing position (panels 6-11). 
 
In line with current trends in gymnastics research to analyze differences in 
biomechanics at a particular joint based on technique selection for a specific maneuver, a 
series of two papers by Farana and colleagues demonstrated the utility of 3D motion 
capture for study of the round-off back handspring (Farana, Irwin, Jandacka, Uchytil, & 
Mullineaux, 2015; Farana, Jandacka, Uchytil, Zahradnik, & Irwin, 2014). In order to 
evaluate the effect of using either the parallel hand position or the T hand position for the 
second hand contact in an ROBHS, as depicted in Figure 2, contact forces and elbow 
joint angles and moments at the time of ground contact were collected. Comparisons of 
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the two hand positioning techniques for a round-off back handspring in female, 
international level gymnasts (n = 6) revealed statistically significant differences with at 
least a moderate effect size (ES) in the following parameters: peak vertical ground 
reaction force (VGRF) (p = 0.02, ES = 1.22), peak anterior-posterior GRF (APGRF) ( p = 
0.03, ES = 0.75), peak resultant GRF (RGRF) (p = 0.02, ES = 1.24), time to peak VGRF 
(p = 0.02, ES = 1.12), time to peak APGRF (p=0.02, ES = 1.37), time to peak RGRF (p = 
0.02, ES = 1.38), VGRF loading rate ( p = 0.02, ES = 1.60), APGRF loading rate (p = 
0.02, ES = 1.08), and RGRF loading rate (p = 0.02, ES = 1.90). Therefore, the position of 
the second hand during ground contact in the round-off back handspring has been 
suggested to affect elbow loading. The T hand position was observed to provide 
decreased ground contact forces and decreased elbow loading rates and internal 
abduction moment forces. The T hand position is thus believed to offer a decreased risk 
of elbow injury (Farana et al., 2014).  
 
 
Figure 2. ROBHS second hand positioning techniques. 
The second hand at ROBHS ground contact (indicated by the pink line) can be placed in 
the T position and oriented perpendicular to the first hand (A), or the second hand can be 
placed parallel to the first hand (B). 
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A follow-up study by Farana et al. (2015) was conducted using the same source 
population data to examine if there was a difference in biological variability associated 
with selection of either the T or parallel position for the second hand contact in the round-
off back handspring. A higher level of variability for elbow abduction (valgus) angles (p 
= 0.006, ES = 2.1) and adduction (varus) moments (p = 0.008, ES = 2.2) was reported for 
the T hand position, which may protect against elbow joint overloading and associated 
overuse injuries. This study focused on the second hand contact alone in order to evaluate 
differences in second hand positioning techniques. However, the constraint of the study 
to examine elbow biomechanics at the second hand ground contact prevented authors 
from being able to discern potential compensation mechanisms that are used to counteract 
the higher contact forces experienced in the parallel hand position (Farana et al., 2015).   
 
Seeley and Bressel (2005) reported the only comparison of vertical ground 
reaction forces experienced between the first and second hand contact in high level 
gymnasts (n = 10). The purpose of their study was to compare the differences in ground 
reaction forces when performing a round-off back handspring during the floor event 
compared with a Yurchenko vault using force plate data. Results for only a single trial 
revealed a significantly higher peak ground reaction force normalized to body weight for 
the second hand contact compared with the first hand contact (Seeley & Bressel, 2005). 
This is the only reported value in the literature for ground reaction forces experienced by 
the first hand contact for any gymnastics maneuver in comparison with the second hand 
contact. However, this data may be consistent with the idea that the second hand contact 
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bears a larger portion of the body weight during tumbling passes and that the first hand 
contact is more important for providing balance during initial ground contact. The second 
arm of contact also continues to bear the entire body weight as the rest of the body pivots 
about this limb in its planted position. 
 
The biomechanics of an individual back handspring (but not a stand-alone round-
off) have been studied using a 2D system. Current limitations of this type of analysis 
include the fact that these moves are seldom performed alone in either practice or 
competition (Bradshaw & Hume, 2012). Instead, both moves are used in combination 
with more complex skills, and their landing biomechanics are influenced by the next 
movement element being performed (Bradshaw & Hume, 2012). Furthermore, 
biomechanical characterizations based solely on evaluation of ground reaction forces fail 
to provide a complete and nuanced picture of the interplay of the major biomechanical 
considerations of the upper limb. For example, shoulder angles at ground impact have 
been observed to correlate with wrist impact angles (p = 0.4) during a standing back 
handspring in female gymnasts (n = 50) (McLaren, Byrd, Herzog, Polikandriotis, & 
Willimon, 2015). Therefore, studies restricted to observations of a particular joint prevent 
examination of the upper extremity as a multifactorial unit with elements that can 
influence the biomechanics, loading patterns, and compensatory movements of limb 
segments higher up the kinetic chain. Consequently, there is a distinct need for a 
quantitative, biomechanical analysis of the round-off back handspring maneuver, 
including characterization of the first hand contact, to build upon prior studies that have 
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only analyzed a small portion of this movement. Additional analysis is also called for 
based on the paucity of currently available data and on the potential safety implications of 
study findings. 
 
Gymnastics injury causation studies 
Despite the suggestion of similar causative injury factors across the entire upper 
limb, the restriction of studies to a single joint has also limited attempts to extrapolate the 
effect of specific injury mechanisms to surrounding limb segments. Ground contact force 
and/or joint torque have been implicated as the primary determinants of gymnastics 
injury at all major upper extremity joints (Sands, Caine, Borms, 2003). Not only are these 
measures believed to offer the greatest direct contributions to overall joint stress 
development, but these parameters also influence the generation of other secondary 
variables, such as joint angles and derived measures like joint loading rates, that 
contribute to injury development.  
 
Elbow injury etiology 
The elbow is of primary concern from an upper extremity injury risk perspective. 
Based on observational studies, the elbow is a leading site of injury, and the injuries that 
occur are more likely to be career-ending, have longer-term sequela, and require surgical 
intervention (Maffulli, Longo, Gougoulias, Caine, & Denaro, 2010). The elbow also 
presents a high chance for development of both acute and chronic conditions (Wadley & 
Albright, 1993). Elbow (valgus) abduction (+y moment) has been suggested as one of the 
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largest sources of chronic elbow injury, resulting in overloading of the lateral joint 
compartment (Dexel et al., 2014). 
 
Koh et al. (1992) assessed the relationship of GRF to valgus force development 
and elbow joint angles. Contributions of individual GRF components to overall elbow 
compression and valgus force development along the long and perpendicular axes of the 
arm were assessed in female, level 8 gymnasts aged 11-13 years (n = 6). Change in elbow 
angle appeared most tightly correlated with the vertical component of ground reaction 
force (VGRF) (r = 0.88). The VGRF was also determined to have the largest contribution 
(68%) to peak valgus force or compressive force on the lateral elbow compartment (Koh 
et al., 1992). The overall evidence suggests that a larger degree of elbow flexion (or the 
straighter the elbow) at the time of ground contact, the smaller the contribution of the 
VGRF to peak valgus force development. This fact is significant since the VGRF and 
excessive valgus moment are believed to cause microtrauma to the subchondral bone and 
articular cartilage of the elbow, which over time can result in chronic conditions like 
osteochondritis dissecans (OCD) (Schenck, Athansiou, Constantinides, & Gomez, 1994). 
The avascular necrosis associated with this condition frequently requires surgery and 
often prevents return to competitive gymnastics (Singer & Roy, 1984). Therefore, the 
proposed capability for increased elbow flexion to result in biomechanics with lower 
elbow injury potential presents a possible site of teaching intervention and technique 
modification. 
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A series of biomechanical and anatomical literature observations offers support 
for how increasing elbow flexion angle at ground contact can reduce chronic injury risk 
for lateral elbow structures. These observations, particularly from Koh et al. (1992) and 
Farana et al. (2014), can be compiled in a stepwise manner to offer mechanistic reasoning 
for how bending the elbow more at impact can reduce chronic elbow injury risk (Figure 
3). Based on the interconnection of elbow anatomical structures, increased elbow flexion 
angle and resulting external rotation can help to limit development of elbow valgus 
(abduction) moment (Farana et al., 2014). From a biomechanics perspective, a higher 
degree of elbow flexion can also simultaneously increase elbow extension moment. This 
increased motion is predicted to allow additional time for adjustment of limb positioning 
in a manner that both decreases the magnitude of GRF and increases the time it takes to 
develop peak contact force (Koh et al., 1992). The resulting slower loading rate in 
combination with decreased valgus moment could prevent lateral overloading of the 
elbow joint and therefore limit injury potential for repetitive impact injuries like OCD 
(Markolf, Shapiro, Mandelbaum, & Teurlings, 1990). This proposed injury pattern 
involving a relationship between elbow abduction moment and lateral elbow overloading 
injuries is similar to findings in overhead throwing athletes (e.g., baseball players) 
(Mihata et al., 2013). However, gymnastics is unique from many other sports involving 
the upper extremity in that injuries are observed to occur bilaterally instead of solely on 
the dominant arm (Chow & Knudson, 2011). 
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Figure 3. Suggested protective effects of elbow flexion angle on lateral elbow injury. 
An increase in elbow flexion angle has been suggested to affect two pathways. In Path 1, 
the increase in elbow flexion angle increases elbow external rotation moment which 
limits elbow valgus (abduction) moment. In Path 2, the increase in elbow flexion angle 
increases elbow extension moment which decreases the max GRF and increases the time 
to generate it, resulting in a decreased loading rate. Both overall pathways could operate 
to limit stress on the lateral elbow. 
 
The actual utility and generalizability of such observations are also subject to 
debate. The coherence of the sequence of protective biomechanics events stemming from 
increased elbow flexion has yet to be confirmed or even assessed for the ROBHS first 
hand contact. The idea of increasing elbow flexion angle or naturally bending a joint to 
cushion the force of impact seems intuitive and aligns with basic kinetics. However, 
gymnasts have learned through training to resist both elbow flexion and falling on an 
outstretched limb like the general population (Henrichs, 2005). This is because the 
International Gymnastics Federation official scoring criteria for the round-off back 
handspring maneuver stipulates a one-tenth point deduction for significant elbow flexion 
while both hands are in contact with the ground during the double-arm support phase of 
the move (Henrichs, 2005). Thus, gymnasts are discouraged from performing maneuvers 
with potentially protective elbow biomechanics from a force profile perspective.  
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Yet ROBHS technique with minimized elbow flexion, though desired from a 
judging perspective, may not be consistently achievable, especially for lower-level 
gymnasts who learn ROBHS from an early age. For example, level 8 gymnasts represent 
the second highest tier of gymnasts participating in USA gymnastics events. However, in 
the Koh et al. (1992) study, 5 of the 6 subjects (all level 8 gymnasts) demonstrated a 
degree of elbow flexion during testing that would likely earn a point deduction in 
competition. The remaining subject also had a very different timing of recorded force 
components, suggesting a fundamental difference in movement force development when 
elbow flexion was successfully minimized (Koh et al., 1992). This discrepancy highlights 
the need for further investigation into possible ROBHS technique modifications 
influencing elbow biomechanics (including increasing elbow flexion) that can be reliably 
taught and incorporated into practice and competition to both minimize known 
detrimental elbow joint force loading patterns and associated injury potential.  
Shoulder injury etiology 
The shoulder is not as frequently injured as other joint locations in female 
gymnasts. Prior to 1980, there is only one report of a female gymnastics shoulder injury 
in the literature (McAuley et al., 1987). Furthermore, shoulder injuries only accounted for 
4% of total injuries observed at a single gymnastics facility over a 21-year period (Saluan 
et al., 2015). Of these reported shoulder injuries, most were again not specific diagnoses 
but general injury types such as subluxation (17.8%) and strain or sprain (10.3%) or 
particular injuries like multidirectional instability (37.7%) that are often multifactorial or 
of unknown etiology (Saluan et al., 2015). Female athletes do not compete in gymnastics 
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events most frequently associated with shoulder injury such as rings or parallel bars that 
result in extreme overloading of the shoulder, with massive loads concentrated vertically 
through the shoulder to the point that the mechanical strength of supportive soft tissue 
structures is exceeded (Caraffa et al., 1996). However, there are case reports of the same 
types of injuries that are observed in males associated with this overloading etiology in 
females. For example, cases of superior labral tears from anterior to posterior (SLAP) 
have been reported, but the incidence rates of such injuries in female gymnasts are 
unknown (Davis, 2010).  
 
In an ROBHS, positions are not required to be held in which loads are 
concentrated vertically through the shoulder for long periods of time. Instead, hand 
contact time on the ground is minimal, and the shoulder is predicted to play a role in 
dissipating the ground contact force at the time of impact. Afterward, the shoulder helps 
to help rotate the trunk into position for hand push-off during the round-off. At the time 
of initial ROBHS contact, the magnitude of GRF, but not the overall loading rate, is 
suspected to be a primary injury concern, especially since excessive amounts of ground 
contact force have been suggested to contribute to observed injuries like shoulder 
impingement (Weiss, Arkader, Wells, & Ganley, 2013). 
 
Wrist injury etiology 
Ground contact force development and the time to peak ground contact force have 
also been cited as important factors in wrist injury. The GRF has been measured during 
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gymnastics skills to exceed 16 times the body weight (Markolf et al., 1990). On occasion, 
contact forces exceeding the limit required to shatter the wrist on impact have been 
recorded during performance of gymnastics maneuvers, especially during vaulting 
activities (Burt, Naughton, Greene, & Ducher, 2010). Therefore, excessive contact force 
and high levels of contact force with frequent repetition have been known to result in 
wrist fractures in gymnasts.  
 
The wrist is in closest proximity to the point of ground contact and is hence 
subjected to the greatest proportion of undampened GRF of all joints assessed. The wrist 
is not anatomically designed to dissipate such excessive forces or complete the 
movements being performed involving complete body weight support and transfer 
occurring vertically through the wrist (Beunen, Malina, Claessens, Lefevre, & Thomis, 
1999). This is consistent with commonly observed osteochondral and soft tissue 
gymnastics wrist injuries having a repetitive impact etiology (de Putter et al., 2011).  
 
For example, excessive and repetitive overloading of the wrist can lead to 
premature radial physis closure and delayed ulnar physis closure in the skeletally 
immature gymnast (DiFiori, 2006). This pattern of physeal arrest shifts the majority of 
force transmission to the ulna, and this relocation of force can lead to other frequently 
observed gymnastics injuries, including ulnar impaction syndrome and chondromalacia 
(Gaston & Loeffler, 2015). Repetitive axial stress at ground impact or push-off on the 
distal radial physis can also lead to positive ulnar variance (Amaral, Claessens, 
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Ferreirinha, Maia, & Santos, 2014). In positive ulnar variance, the articular surface of the 
ulnar becomes more distal than the radius, a situation which alters force distribution 
across the wrist (Amaral et al., 2014). This altered loading pattern can cause thinning and 
eventual tearing of the triangular fibrocartilage complex (TFCC) in the wrist, another 
common site of gymnastics injury (Dwek, Cardoso, & Chung, 2009).  
 
Therefore, the GRF is believed to be a primary injury determinant at the wrist. In 
response, many gymnasts use wrist supports or tape their wrists in an effort to combat 
excessive GRF development (DiFiori, Caine & Malina, 2006). However, such practices 
have little or no effect on overall GRF development and are more adept at simply 
delaying the time to peak force development (Grant-Ford, Sitler, Kozin, Barbe, & Barr, 
2003). Despite this well-established injury pattern, there is minimal understanding about 
how to improve gymnastics biomechanics to protect against excessive GRF development 
and associated injury. 
 
Gymnastics hand dominance is also an issue that has been hypothesized as a 
factor that could influence wrist injury. Gymnastics hand dominance refers to the 
preference to contact the ground first with either the right hand or the left hand when 
given the option in completing gymnastics maneuvers (Heinen, Jeraj, Vinken, & 
Velentzas, 2012). This preference may differ from hand dominance in writing and 
completing daily activities and is typically established early in one’s gymnastics career 
either by choice or through coaching.  Some gymnastics coaches allow their athletes to 
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establish a hand contact order preference based on what feels most natural, with most 
individuals displaying a right hand preference. Alternatively, some gymnastics training 
facilities teach all of their athletes through repetition to assume a particular hand 
dominance in order to permit teaching skills from a single-hand-contact perspective. 
However, it has not been established in the literature whether a particular hand 
dominance is associated with a lower magnitude contact force for either first hand or 
second hand contact. In view of the demonstrated importance of contact force to wrist 
injury, it is unclear at this time what the effect, if any, that hand dominance has on wrist 
injury potential, highlighting another relationship with a possible intervention that is in 
need of study. 
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OBJECTIVES 
There is a high incidence of upper extremity injury in gymnastics, especially 
associated with maneuvers involving transfer of body weight from the feet to the hands. 
Historically, gymnastics injury potential has been primarily evaluated through 
epidemiologic studies. A paucity of data characterizing injury causation and 
biomechanics risk factors exists in the small number of gymnastics studies which have 
been conducted to date. However, recent advances in 3D motion capture has allowed for 
detailed biomechanical characterization of integral gymnastics moves performed from a 
young age, such as the round-off back handspring (ROBHS). Currently, investigative 
efforts have focused on analyzing differences in upper limb loading patterns based on 
ROBHS technique selection involving positioning of the second hand during ground 
contact. However, fundamental work remains to be done in characterizing the 
biomechanical differences experienced by the upper extremity during first and second 
hand contact. Improved understanding of associated biomechanical variables like joint 
torque could have implications for movement-specific body positioning with the potential 
for extrapolation to gymnastics moves with similar loading patterns. Therefore, this study 
primarily seeks to evaluate the biomechanics of ROBHS first hand contact with specific 
focus on implications for injury potential and factors that could modify biomechanically 
derived injury risk relationships. 
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Specific aims 
The primary objective of this study is to characterize the biomechanical variables 
associated with the first hand contact of a gymnastics round-off back handspring 
maneuver. The specific aims consist of: 
 
1. To generate a comprehensive biomechanical profile of force, kinetic, and 
kinematic variables associated with the first hand contact in a round-off back 
handspring. 
2. To analyze differences in upper extremity biomechanics based on hand contact 
order. 
3. To evaluate possible correlations between specific movement components of the 
round-off back handspring and potential upper extremity injury risks and to 
identify possible technique factors that could influence these relationships. 
 
The novel information provided by this study can be used to guide future 
recommendations for upper extremity injury prevention in gymnastics training and 
competition.  
 
Study improvements over the current gymnastics literature 
This study offers several key potential contributions to the biomedical literature. 
First of all, this study provides a fundamental template that can be expanded upon in 
future studies which incorporate additional gymnastics skills used in combination with a 
 20 
round-off back handspring in more complex tumbling passes. Furthermore, 
characterization of the fundamental mechanics of a round-off back handspring may be 
generalizable to multiple gymnastics events besides floor exercise based on the utilization 
of round-off back handspring elements in a vault approach. 
 
However, perhaps most important, this study uniquely uses 3D motion capture to 
analyze the first hand contact of a round-off back handspring, which represents an 
unstudied source of potential injury risk. Significant study findings may draw attention to 
the role of biomechanical considerations of the first hand contact in multiple gymnastics 
maneuvers that have yet to be explored in favor of characterization of biomechanical 
differences associated with different skill techniques. Characterization of the first hand 
contact, in addition to the more commonly studied second hand contact, provides a more 
complete picture of the entire gymnastics maneuver, possibly allowing for a better 
understanding of the timing and interplay of kinetic and kinematic variables throughout 
the entire upper limb. The proposed analysis of kinetic and kinematic variables of the 
entire upper extremity, including across three joints (wrist, elbow, and shoulder), 
increases the potential for possible observation of associations between specific 
biomechanical considerations across multiple joint segments that function in combination 
to provide compensatory movements which protect against injury.  
 
Deliverables offered by this study include improved understanding of the entire 
ROBHS maneuver which can facilitate characterization of movement components with 
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the greatest injury risk potential. These observations can be used to guide future 
competition and practice recommendations on technique selection, strength training, and 
skill completion. 
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METHODS 
Study population 
Female gymnasts aged 10-21 years, who were (1) currently participating on a 
competitive gymnastics team, (2) capable of successfully completing a round-off back 
handspring maneuver, and (3) free of reported injury at the time of study enrollment, 
were eligible for study inclusion. Gymnasts ranging from level 7 to collegiate 
competition levels were enrolled (n = 15). Subjects were an average of 16.6 years 
(±3.11), with a mass of 55.64 kg (±9.33) and a height of 1.58 m (±0.077). On average, 
subjects spent 18.10 hours (±2.37) devoted to gymnastics practice and competition each 
week and had been participating in gymnastics for 8.83 years (±3.06). Three subjects 
were collegiate gymnasts, six subjects were level 9, and two subjects apiece were at 
levels 7 and 8. There was also one Xcel Diamond level and one Xcel Platinum level 
gymnast. The study population also included a heterogeneous mix of subjects in terms of 
preferred technique elements used to execute an ROBHS. The majority of subjects were 
left hand dominant gymnasts or struck the ground with their left hand first (n = 10). A 
greater number of subjects exhibited preference for the parallel second hand positioning 
technique (n = 9), compared with subjects who utilized a T position for the second hand 
position during the round-off (n = 6). Subjects also had a varied injury history. Five 
subjects reported a previous injury sustained during tumbling activities, and five subjects 
had previously been diagnosed with a chronic, overuse injury. Former sites of injuries 
included lower extremity (n = 6), elbow (n = 4), back (n = 3), and wrist/hand (n = 3). 
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Subject recruitment 
Subjects were recruited through a flyer detailing the study objectives and study 
staff contact information that was posted in the Massachusetts General Hospital (MGH) 
and MGH Foxborough Orthopaedic Clinic locations and distributed to coaches at 
gymnastics facilities surrounding Boston. Study staff did not approach potential subjects 
directly. Instead, gymnastics coaches distributed the flyer to potential subjects who 
contacted study staff directly by phone or email. Agreement to schedule a study 
appointment represented the first step of the consent process. Informed written consent 
was gained and documented for all subjects at the study testing appointment. This study 
involved no treatment, and subjects were informed of all potential risks, including risk of 
an allergic reaction to adhesive tape. Subjects were provided a copy of the written 
consent form with listed study staff contact information and were informed of their right 
to terminate study participation at any time without any repercussions. Risks to privacy 
and confidentiality were limited through storage of all study data on a password-protected 
computer with access restricted to study staff. Individual subject data were stored in the 
computer system under a randomly assigned subject code with no identifiers. All study 
activities were approved by the Partners Health System Institutional Review Board and 
met criteria for work with human subjects. 
 
Data collection methods 
Subjects were asked to complete a series of questionnaires inquiring about 
previous medical history and gymnastics experience. All subjects underwent a brief 
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clinical exam, including assessment of joint range of motion by an experienced physical 
therapist. Joint range of motion was assessed using a standard plastic goniometer with a 
bubble level following an established testing protocol. Passive range of motion values for 
the elbow and shoulder were evaluated in a supine position for flexion, external rotation, 
and internal rotation angles prior to 3D testing. 
 
A validated set of 62 spherical (14 mm diameter) reflective markers were affixed 
to specified anatomical landmarks on both the upper and lower extremities of eligible and 
consenting subjects using adhesive tape as shown in Figure 4. Each marker served as an 
index for a specific joint and was used to track limb segments in space over time. 
Markers were placed bilaterally at the following lower extremity locations: iliac crest, 
anterior iliac spine, posterior iliac spine, anterior thigh, posterior thigh, medial knee, 
anterior knee, anterior tibia, posterior tibia, medial ankle, lateral ankle, first toe, fifth toe, 
and heel. Single markers were also placed at the sternum, the tenth thoracic vertebrae, 
and the seventh cervical vertebrae positions, with an additional marker placed on the right 
deltoid anterior and posterior triceps for tracking purposes. At the upper extremity, 
bilateral markers were placed on the hand and the middle of the dorsum of the forearm. 
Bilateral markers at the radial and ulnar styloid processes were used to define the wrist 
joint center, whereas bilateral markers on the medial and lateral epicondyles were used to 
define the elbow joint center (Wu et al., 2005). Bilateral marker placement on the back 
included the dorsal portion of the acromioclavicular joint, the trigonum spinae (medial 
portion of the spine of the scapulae), the inferior angle of the scapula, the angulus 
 25 
acromialis (located on the dorsal curve of the spine of the scapulae), and the coracoid 
process to help define the shoulder joint center (Meskers, Van Der Helm, Rozendaal, and 
Rozing, 1997).  
 
Data collection was performed using Nexus software (version 1.85; Vicon 
Industries, Hauppauge, NY). The positioning of each marker was triangulated in 3D 
space using a 3D motion capture system consisting of 20 infrared cameras capturing at a 
speed of 240 Hz (Vicon MX™, 20 T-series cameras). Three 30- by 60-cm force plates 
(Bertec Corporation, Columbus, OH) capturing at 1000 Hz were also used to collect 
ground reaction force (GRF) measurements that were normalized by subject body weight. 
System calibration allowed for determination of joint movements along a global 
coordinate system with the z-axis serving as the vertical axis, the y-axis as the cross 
product of the x- and z-axes, and the x-axis extending in the direction of subject’s 
translational movement.  
 
This experimental setup was utilized to collect real-time biomechanical variables 
as subjects performed three round-off back handspring maneuvers beginning from a 
hurdle step at the testing location (MGH Sports Performance Center, 20 Patriots Place, 
Foxborough, MA). After completing their normal warm-up, subjects were instructed to 
complete three round-off back handsprings using their normal technique and hand contact 
order.  
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Motion capture data collected from the whole-body marker set were imported into 
Visual3D™ software (version 5; C-Motion, Rockville, MD) for analysis. Position data 
were processed with a fourth-order zero-lag Butterworth low-pass filter with a cutoff 
frequency of 13.4 Hz. All subsequent biomechanical calculations were made using a 15-
segment, 6 degree-of-freedom model. Upper body segments were defined according to 
the International Society of Biomechanics definitions. A representation of this modeling 
process is depicted in Figure 5 (Wu et al., 2005). Programming was then performed 
utilizing Visual3D and MATLAB (MathWorks, Natick, MA) software to compute and 
extract desired biomechanical variables calculated using Newton-Euler inverse dynamics. 
Statistical analysis was performed using GraphPad Prism version 6.04 (GraphPad 
Software, La Jolla, CA) and JMP version 12 (SAS Institute, Cary, NC) software to assess 
differences between individually tested gymnasts.  
 
 
Figure 4. Study experimental setup and subject marker placement. 
Force plates and infrared cameras (A) were used to capture each subject’s ROBHS 
biomechanics. Cameras recorded the relative positions of reflective markers affixed to 62 
anatomical locations on the subject (A-B) during the completion of an ROBHS.  
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Figure 5. Subject digital modeling progression. 
Exact marker positions on each subject (A) were captured and traced through 3D space 
(B). Specific anatomical landmark names were assigned to each marker placement (C) 
and were used to construct a skeletal model (D) that reflected each subject’s mass and 
physical proportions. This final model was used to calculate desired biomechanical 
variables like joint torque. 
 
Variables for analysis 
Passive joint extension and internal and external rotation angles for the elbow and 
shoulder were assessed for each subject in a supine position prior to 3D testing. The 
maximum peak value of the vertical ground reaction force associated with each 
individual hand contact during performance of a round-off back handspring was collected 
on one trial for each study subject. Ground contact was measured as the time of 
maximum ground reaction force in the sagittal plane for each hand. The following kinetic 
and kinematic variables were collected for analysis of the right and left wrists, elbows, 
and shoulders of each subject: 
1. Joint torque and moment  
2. Joint angles  
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3. Joint force distraction and compression 
 
Joint moment was defined as joint torque divided by subject body weight. In some 
instances, joint moment might provide stronger correlations than joint torque, suggesting 
that normalizing for differences in subject body weight might help to clarify relationships 
between these measurements. All variables were measured in the x (transverse), y 
(frontal), and z (sagittal) planes, with examples in Figure 6 of the direction of movement 
assessed within each plane.   
 
For motion at the shoulder, internal rotation referred to negative rotation of the 
humerus away from the trunk in the transverse plane, and external rotation referred to 
positive rotation through this plane toward the trunk. Shoulder abduction referred to 
positive movement of the humerus away from the trunk within the frontal plane, and 
shoulder adduction described negative movement of the humerus across the front of the 
trunk. Shoulder flexion denoted positive, anterior movement of the humerus in the 
sagittal plane, and shoulder extension referred to negative, posterior movement behind 
the trunk.  Shoulder distraction represented positive motion of the humerus away from 
the trunk, and shoulder compression described negative forearm movement toward the 
humerus. 
 
Wrist movement definitions described relative motions of the hand, but terminology 
was consistent with shoulder descriptions. However, wrist distraction referred to positive 
 29 
motion of the hand (carpal bones) away from the radius and ulna, and wrist compression 
referred to negative movement toward the radius and ulna. 
 
Elbow motion was defined slightly differently. Valgus elbow movement described 
positive movement of the forearm away from the body in the frontal plane, whereas varus 
elbow movement denoted negative motion of the forearm toward the body. Although 
some groups had previously described valgus and varus motions as elbow abduction and 
adduction movements, respectively, this was not considered standard practice in the 
biomechanics literature and was not used in this study. In addition, elbow distraction 
represented positive motion of the forearm away from the humerus, and elbow 
compression described negative forearm movement toward the humerus. Descriptions of 
flexion/extension and internal/external rotation were consistent with shoulder and wrist 
definitions, except that the elbow referred to relative motion of the forearm. 
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Figure 6. Directions of 3D joint movement during the ROBHS. 
The directions of joint movement assessed in the x, y, z coordinate planes are defined in 
panels A-C. (A) Joint flexion refers to positive motion in the sagittal (z) plane away from 
the joint center, and extension refers to negative motion toward the joint center in the 
sagittal plane. (B) Positive motion within the frontal (y) plane away from the joint center 
refers to abduction at the shoulder and wrist or valgus movement at the elbow, whereas 
negative motion toward the joint center refers to adduction at the shoulder and wrist or 
varus movement at the elbow. (C) Positive motion in the transverse (x) plane away from 
the joint center refers to external rotation, and internal rotation refers to negative motion 
behind the trunk in the transverse plane. (D) A side view of the designated planes of 
motion is shown relative to the direction of the subject’s translational movement (orange 
arrow). (Panels A-C adapted from Marieb, 2003). 
 
The global maximum and minimum values for each of the outlined variables were 
recorded. Timing of key maneuver events was also recorded, including: 
1. Time to peak vertical ground reaction force for each hand contact 
2. Duration of each individual hand contact 
3. Time between maximum vertical ground reaction forces for the first and second 
hand contacts 
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The times of occurrence of global maximum and minimum values for each of the 
outlined variables were also evaluated to determine the portion of the movement 
sequence associated with each particular value and to develop a profile of the average 
time course of events associated with an ROBHS. These particular variables were 
selected based on their distinct correlation with injury patterns in the sports medicine 
literature and were evaluated at each major joint of the upper extremity. 
 
Data analysis 
The primary focus of the study was to characterize the main kinetic and kinematic 
variables associated with the first hand contact in a round-off back handspring in order to 
improve understanding of the biomechanics of lead hand contact. Variables were cross-
plotted against one another, and significant differences between data subsets were 
assessed by Mann-Whitney U and one-way multivariate analysis of variance 
(MANOVA) testing performed in GraphPad Prism. Multivariate analysis to investigate 
potential correlations between biomechanical variables across the upper extremity was 
performed using JMP statistical software. Biologically plausible correlations were further 
evaluated to see if identified associations extend across multiple segments of the upper 
limb. Average values for all subjects for each kinetic and kinematic variable were 
compared with known literature values for general consistency in an effort to confirm 
confidence in the results. The level for statistical significance was set at p < 0.05 and was 
applied to all comparisons between data sets to detect significant differences in 
biomechanical variables. 
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RESULTS 
Characterization of the ROBHS first hand contact 
Comparison of ROBHS joint angles with subjects’ average passive range of motion 
Performance of gymnastic maneuvers might require athletes to exceed their 
normal joint range of motion, and this occurrence could result in increased injury risk 
(Halliday, 2013). Therefore, average shoulder and elbow joint angles at the time of 
ROBHS first hand contact and maximum angles recorded for the entire ROBHS sequence 
were compared with subjects’ average passive range of motion limits. Average shoulder 
internal rotation (+x) angles both at the time of first hand contact (53.75° ± 15.49) and 
the maximum values for the entire ROBHS (91.53° ± 15.54) were greater than the 
passive range of motion of (47.64° ± 7.51) recorded during clinical testing. Therefore, 
repetitive induced strain from excessive movement of the humerus away from the trunk 
during the ROBHS might tax supportive structures at the shoulder joint capsule 
potentially resulting in soft tissue injury over time. 
Profiling of ROBHS first hand contact biomechanics  
 
The 3D biomechanics of the first hand contact for any gymnastics maneuver had 
not been assessed at all major upper extremity joints in the literature. Therefore, 
biomechanical variables for the wrist, elbow and shoulder were assessed in the transverse 
(x), frontal (y), and sagittal (z) planes in order to provide a novel profile of ROBHS first 
hand contact biomechanics. A series of the biomechanical variables most frequently 
associated with upper extremity injury in gymnastics and overhead athletic activities 
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evaluated for the ROBHS first hand contact is listed in Table 1, with a complete profile 
of all variables assessed in Appendix Table A1. 
Table 1. Abbreviated profile of average ROBHS first hand contact biomechanics.  
Compiled average joint angles and torques, resultant and average ground contact force 
(GRF), time to generate peak GRF, and loading rates were assessed. Locations of 
analysis include the wrist, elbow, and shoulder in the x (transverse), y (frontal), and z 
(sagittal) planes. 
Measure Avg ± Stdev 
1st Hand Elbow Internal Rotation Angle (+X) 50.12° ± 5.76 
1st Hand Wrist External Rotation Angle (-X) -84.52° ± 6.27 
1st Hand Wrist Abduction Angle (+Y) 3.53° ± 2.45 
1st Hand Wrist Adduction Angle (-Y) -2.53° ± 0.75 
1st Hand Shoulder Internal Rotation Angle (+X) 53.75° ± 15.49 
1st Hand Shoulder Abduction Angle (+Y) 127.36° ± 6.66 
1st Hand Shoulder Flexion Angle (+Z) 59.68° ± 11.87 
1st Hand Elbow Internal Rotation Torque (+X) 42.86 Nm ± 8.85 
1st Hand Elbow External Rotation Torque (-X) -48.89 Nm ± 18.01 
1st Hand Elbow Valgus Torque (+Y) 6.07 Nm ± 2.34 
1st Hand Elbow Varus Torque (-Y) -7.71 Nm ± 7.48 
1st Hand Elbow Flexion Torque (+Z) 1.56 Nm ± 1.21 
1st Hand Elbow Extension Torque (-Z) -2.45 Nm ± 2.47 
1st Hand Shoulder Internal Rotation Torque (+X) 13.2 Nm ± 10.65 
1st Hand Shoulder Abduction Torque (+Y) 11.97 Nm ± 6.98 
1st Hand Shoulder Adduction Torque (-Y) -16.15 Nm  ± 22.55 
1st Hand Shoulder Flexion Torque (+Z) 4.82 Nm ± 2.49 
1st Hand Shoulder Extension Torque (-Z) -7.19 Nm ±  6.11 
1st Hand Elbow Force Compression (-Z) -8.15 N ± 0.89 
1st Hand Wrist Force Compression (-Z) -0.69 N ±  0.42 
1st Hand Shoulder Force Compression (-Z) -6.9 N ± 1.31 
1st Hand Contact Force (X) 1.34 N ±  0.35 
1st Hand Contact Force (Y) 0.78 N  ± 0.38 
1st Hand Contact Force (Z) 8.58 N ± 1.12 
1st Hand Resultant Contact Force  8.72 N ± 1.12 
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1st Hand Time to Peak GRF (X) 0.27 s  ±  0.077 
1st Hand Time to Peak GRF (Y) 0.11 s  ± 0.066 
1st Hand Time to Peak GRF (Z) 0.33 s  ±  0.064 
1st Hand Resultant Time to Peak GRF 0.44 s  ±  0.074 
1st Hand Loading Rate (X) 5.13 N/s  ± 2.81 
1st Hand Loading Rate (Y) 9.13 N/s  ±  6.52 
1st Hand Loading Rate (Z) 27.99 N/s  ± 7.10 
1st Hand Resultant Loading Rate 30.91 N/s  ± 7.92 
 
Comparison of ROBHS first hand contact biomechanics with literature-reported average 
second hand contact values 
 
Comparatively greater ROBHS first hand contact biomechanical stress values 
might represent increased injury potential. Since no detailed evaluation of the first hand 
contact of any gymnastics maneuver had been reported in the biomechanics literature, 
context for novel ROBHS first hand contact values was established by comparison with 
average second limb of contact values for the ROBHS and similar gymnastics moves as 
available. No biomechanical characterization of a stand-alone gymnastics round-off was 
available in the literature, but some joint-specific comparisons were made to a standing 
back handspring which represents a portion of the ROBHS sequence. Average vertical 
ground reaction force was lower for the ROBHS first hand contact (8.58 N ± 1.12) 
compared with a back handspring (11.28 N ± 1.80) and was below values known to 
exceed the tensile strength of bone (Halliday, 2013). Comparisons with the only available 
wrist and shoulder specific measures were also provided. At the time of impact, wrist 
extension (-z) angle (-95°) and shoulder flexion (+z) angle (154°) were found to be larger 
for a standing back handspring compared with the first hand ROBHS contact with 
 35 
respective average measures of -84.52° ± 6.27 and 91.53° ± 15.53 (McLaren et al., 2015). 
This was anticipated since the back handspring involved landing with the arms extended 
back over the head into a hand stand position, whereas the first ROBHS hand contact 
involved falling forward onto an extended arm.  
 
Relative comparison of first hand measures with ROBHS-specific literature 
values was restricted to the elbow. As visually depicted in Figure 7, the current study 
provided a more comprehensive set of biomechanics measures compared with ROBHS 
values reported in the literature. First hand biomechanics differed significantly from 
second hand data measured in the current study and reported in the literature (Figures 
7A,B). However, second hand literature data were reasonably consistent with measured 
second hand biomechanics in the current study based on similar averages and overlapping 
standard deviations (Figure 7A). It was not possible to say whether observed differences 
between literature-reported second hand contact values and observed ROBHS first hand 
contact values were due to the influence of hand contact order alone since differences in 
experimental setup could not be controlled. Therefore, comparisons were also made 
between the ROBHS first and second hand contacts of subjects in the current study to 
evaluate differences in biomechanics on the basis of hand contact order that could also 
influence upper extremity injury risk. 
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Figure 7. Significant biomechanical differences between ROBHS first and second 
hand contacts reported in the literature and the current study. 
Significantly larger elbow internal rotation (+x) angle, resultant (res) loading rate, 
elbow external rotation (-x) torque, and wrist distraction (+z) force were observed for 
the first ROBHS hand contact compared with second hand contact values recorded 
during the current study and reported in the literature. Significantly larger shoulder 
abduction (+y) torque, GRF in the transverse plane (fp x grf), and resultant (res) time to 
peak GRF development were recorded for the ROBHS second hand contact compared 
with the first hand contact in the current study. 
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Comparison of the first and second ROBHS hand contacts in the current study 
 
 Biomechanical differences due to hand contact order could signal different 
functional roles and injury risk for limbs based on the order of ground impact. Therefore, 
limb biomechanics was assessed at the time of initial ground contact, as displayed in 
Figure 7, and for the entire ROBHS motion sequence on the basis of ground impact 
order. 
 
Order of limb contact appears to influence joint angles across the upper extremity. 
Significantly larger average joint internal rotation (+x) angles at initial ground impact 
were reported at the elbow (p < 0.001), wrist (p = 0.012) and shoulder (p = 0.0482) for 
the first limb of contact. Torsional strain also varied with hand contact order with 
significantly larger average elbow external rotation (-x) torque (p = 0.014) reported for 
the first hand contact and significantly larger shoulder valgus (+y) torque (p = 0.0005) 
observed for the second hand contact.  
 
These observations were consistent with qualitative video analysis of each 
ROBHS trial where the first hand during the round-off phase appeared to be deposited at 
a partially flexed wrist angle. The first hand then flattened as it was fully rotated onto 
with an accompanying change in elbow flexion. The second hand appeared to be 
deposited vertically with a fully flexed hand and slightly less elbow flexion. These visual 
observations reaffirmed the numerical results. These observations were also consistent 
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with expectations since the second arm needed to be relatively straight both to prevent 
collapse during the double arm support phase of the ROBHS and to meet judging criteria. 
 
Contact force generation and GRF-derived measures also appeared associated 
with limb contact order. The second hand contact reported significantly larger forces for 
the contact force in the transverse plane (x) and the wrist distraction (+z) force. 
Meanwhile, the first hand reported significantly shorter times to generate peak GRF and 
accompanying larger loading rates in multiple directions, including for the resultant 
measure (p < 0.001). 
 
These observations provided evidence for a difference in limb biomechanics on 
the basis of ground contact order, which could result in differing injury potential. Greater 
magnitude biomechanical stresses exerted increased strain on a particular joint and were 
therefore associated with a greater joint-specific injury risk. As a result, overall injury 
risk for the first hand contact might be associated with the elbow torque, joint angle 
development, and elevated joint loading rates due to faster peak GRF development. 
Associations of the first hand contact with greater elbow torsional strain were also 
bolstered by observation of significantly greater maximum elbow torque for the entire 
ROBHS sequence in the positive transverse (x) (p = 0.0005), frontal (y) (p = 0.0035) and 
sagittal (z) (p = 0.0068) planes for the first limb of contact. Meanwhile, the second hand 
contact might possess a greater injury risk at the wrist and shoulder associated with the 
larger magnitude of GRF developed. 
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Influence of technique factors on ROBHS first hand contact biomechanics 
Hand dominance 
 
The biomechanical advantages, especially at the first hand contact, for performing 
gymnastics maneuvers with a particular handedness were unknown. To assess the 
influence of gymnastics hand dominance and to determine whether there was a 
biomechanical difference if right or left hand served as the first point of ground contact, 
significant differences in measured biomechanical variables were evaluated at the time of 
maximum contact force generation at initial round-off hand contact and throughout the 
entire maneuver sequence. No significant differences in force, kinetics, or kinematics 
variables on the basis of hand dominance were recorded at the time of ROBHS first hand 
contact. However, significantly lower global values recorded during the entire ROBHS 
were reported for elbow internal rotation (+x) (p = 0.004) and flexion torque (+z) (p = 
0.0015) when the right limb was the first to contact the ground.  Gymnastics hand 
dominance did not appear to influence upper extremity biomechanics at ground contact; 
however, it had a limited effect on elbow motion throughout the entire movement 
sequence. As a result, right gymnastics hand dominance might produce less torsional 
stress at the elbow. 
Hand positioning   
 
The effect of placing the trailing hand in the T or parallel hand position (shown in 
Figure 2) during the round-off portion of the ROBHS had been assessed, with 
recommendations made for use of the T technique based only on evaluation of the elbow 
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of the second limb of contact. The influence of second hand positioning technique 
selection had not been evaluated at multiple joints or for the first limb of contact. 
Therefore, significant differences in biomechanical stresses were assessed for all three 
upper extremity joints for novel analysis of effects at the first limb. No significant 
differences in kinetic or kinematic variables were measured for the first hand contact on 
the basis of second hand position technique selection. However, significantly larger 
contact force in the transverse (x) plane was experienced by the first hand when the 
second hand was placed in the T position at round-off ground contact (p = 0.035). 
Maximum contact force generation at contact versus push-off 
 
The majority of subjects (12 of 15 gymnasts) generated maximum contact force in 
the sagittal (z) plane for the first hand of contact at the time of initial impact. However, 
three subjects were observed to instead generate maximum contact force when the first 
hand pushed off the ground to transition into the back handspring portion of the 
movement sequence. This resulted in the maximum contact force for the first hand 
actually occurring after maximum contact force generation for the second hand of impact. 
The biomechanical implications of this event sequence were unknown, but it was thought 
to have potential to impact overall GRF development and injury risk. Therefore, subjects 
were subdivided on whether maximum contact force occurred at initial contact (C) or 
push-off (PO) to assess if any other significant differences in biomechanics were 
associated with a difference in the relative time of maximum contact force generation. 
The results are displayed in Table 2.  
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In terms of force generation, subjects with maximum contact force at push-off 
were found to have significantly lower first hand sagittal (z) plane contact force 
generation (p = 0.049, C avg: 8.86 N ± 1.12, PO avg: 7.64 N ± 0.46) with a slower 
loading rate in this same plane (p = 0.028, C avg: 30.07 N/s ± 6.46, PO avg: 21.04 N/s ± 
4.54). Differences in compression force generation were also noted. Subjects with 
maximum contact force at push-off were found to have a significantly smaller 
compression (-z) force at the elbow (p = 0.007, C avg: -8.46 N ± 0.74, PO avg: -7.13 N ± 
0.57) and at the shoulder (p = 0.0385, C avg: -7.24 N ± 1.23, PO avg: -5.63 N ± 0.60) for 
the first limb of contact. Therefore, maximum contact force generation at push-off instead 
of initial ground contact appeared to offer decreased biomechanical stress at the elbow 
and shoulder of the first contact limb. 
Table 2. Significant ROBHS biomechanical differences based on relative time of 
maximum ground contact force generation. 
Biomechanics of hand contact differs for subjects that generate maximum ground contact 
force at hand push-off instead of close-to-initial ground contact in terms of elbow and 
shoulder compression forces and resultant and z plane first hand contact forces (GRFs). 
Variable P 
1st Hand Elbow Force Compression (–Z) 0.007 
1st Hand Shoulder Force Compression (–Z) 0.0385 
1st Hand GRF (Z) 0.049 
1st Hand Loading Rate GRF (Z) 0.028 
 
 
ROHBS first hand contact correlations to injury determinants 
Elbow injury potential 
Based on a series of literature observations, Figure 3 offered mechanistic 
reasoning for how increasing elbow flexion angle at ground contact could decrease 
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chronic elbow injury risk. However, the entire sequence of observations necessary to 
confirm this potential compensation mechanism had not been investigated. Therefore, 
linear regression correlations between elbow flexion angle and proposed sequential 
variables were evaluated. Significant correlations between subsequent variables outlined 
in the model were expected. 
 
No real association was noted between elbow flexion angle and internal rotation 
or valgus torque (r2 = 0.00124). Therefore, elbow flexion angle did not appear to directly 
influence valgus stress development as anticipated (Path 1, Figure 3). However, a slight 
inverse relationship between elbow flexion angle and time to peak GRF z (r2 = 0.3239) 
was observed. Additional moderate inverse relationships between elbow flexion angle 
and the injury determinants GRF z (r2 = 0.4789) the derived loading rate z measure (r2 = 
0.4785), were observed in Figure 8 in accordance with the model (Path 2, Figure 3). 
Elbow flexion angle was expected to influence these relationships through an increase in 
elbow extension moment. Yet a strong relationship between elbow extension moment and 
flexion angle or GRF z was not observed (r2 = 0.0028). However, elbow extension 
moment was negatively correlated with time to peak GRF z generation (r2 = 0.6441). 
Therefore, it was possible that both elbow extension moment and elbow flexion angle 
were influencing GRF development in parallel. However, all observations required to 
support the protective relationships outlined in Figure 3 in their entirety were not 
observed for the first hand contact. The proposed protective mechanism was based solely 
on second hand contact observations since no data concerning the first hand contact was 
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reported in the literature. This was especially relevant since only a modest correlation 
was observed between elbow flexion angle and GRF z for the first hand contact (r2 = 
0.4789), whereas a significantly stronger correlation was observed for this relationship at 
the second hand contact (r2 = 0.6519). As a result, there was improved confidence in the 
existence of a true relationship between elbow flexion angle and GRF development. 
Therefore, increasing elbow flexion angle at ground contact likely had the potential to 
influence injury determinants in ways that lead to overall decreased injury risk at the 
elbow. 
 
Figure 8. Linear correlations for literature-proposed protective relationships for 
chronic elbow injury. 
Moderate associations are noted for the ROBHS first hand contact between (A) elbow 
flexion angle and GRF z and (C) elbow flexion angle and loading rate in the sagittal (z) 
plane. Stronger associations are found for the ROBHS first hand contact between (D) 
elbow extension (-z) moment and time to peak GRF z and for the ROBHS second hand 
contact between (B) elbow flexion angle and GRF z. 
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To determine how rotational elbow movement might be linked to other potential 
injury determinants, linear regression correlations between elbow torques at the time of 
first hand ground contact and all other assessed biomechanical variables were evaluated. 
One of the strongest associations was plotted in Figure 9, where the rotational movement 
at the elbow in terms of torque in the frontal (y) plane was related to shoulder torque in 
the sagittal (z) plane (r2 = 0.9226). As a result of this association, factors that increase 
torque at one joint could potentially lead to greater torque generation at the other, 
suggesting that injury potential resulting from torsional stress might be linked for the 
shoulder and elbow. 
 
 
Figure 9. Correlation between frontal plane elbow torque and sagittal plane 
shoulder torque for the ROBHS first hand contact. 
A strong positive association exists between torsional stresses at the elbow in the frontal 
(y) plane and at the shoulder in the sagittal (z) plane at the ROBHS first hand contact (r2 
= 0.92262). 
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Shoulder and wrist injury potential 
In an effort to assess injury potential at the wrist and shoulder of the first limb of 
contact in an ROBHS, correlations between first hand shoulder and wrist variables and all 
measured biomechanical variables were assessed. Both shoulder and wrist variables 
displayed a moderate degree of correlation with resultant GRF. Resultant GRF was found 
to be positively correlated with shoulder extension (-z) torque (r2 = 0.5481) and wrist 
abduction (+y) angle (r2 = 0.5948).  
 
However, several extremely strong associations involving shoulder compression 
(-z) force were reported as shown in Figure 10. An extremely high degree of linear 
correlation was noted between shoulder compression (-z) force with both resultant GRF 
(r2 = 0.9155) and elbow compression (-z) force (r2 = 0.8206). Therefore, compression 
force development at the shoulder appeared to be multifactorial, with one component 
related to GRF and another component related to elbow compression force that might be 
linked to rotational motion. Overall, ROBHS first hand contact shoulder and wrist 
biomechanics appeared partially related to resultant GRF development. 
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Figure 10. Shoulder compression force correlations at ROBHS first hand contact. 
Strong positive associations are observed for shoulder compression force with resultant 
GRF (panel A, r2 = 0.9155) and elbow compression force (panel B, r2 = 0.8206) at the 
time of the ROBHS first hand contact. 
 
 
Biomechanical differences based on previous injury history 
 
In an effort to gauge the functional significance and confirm the strength of 
ROBHS contact observations, subjects were subdivided into groups based on reported 
primary locations of previous injury; namely, the lower extremity (LE) (n = 6), elbow (E) 
(n = 4), back (B) (n = 3), and wrist/hand (WH) (n = 3). One-way MANOVA was then 
performed on these data. There was interest in whether subjects’ previous injury history 
had any effect on their current biomechanics in the sense that past injury could impact 
their current execution of an ROBHS or that biomechanical tendencies were still 
exhibited which could have predisposed them to their prior injuries.  
 
Significant biomechanical differences were reported for all groups whose 
previous injury sites were directly evaluated in this study. A significantly larger average 
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shoulder torque in the sagittal (z) plane (p = 0.0243; avg E: -13.42 Nm ± 5.02, avg B: -
2.49 Nm ± 1.51, avg WH: 1.82 Nm ± 4.43, avg LE: 2.49 Nm ± 6.18) was reported for 
subjects with a history of elbow (E) injury. In addition, a significantly larger average 
wrist compression (-z) force (p = 0.006; avg E: 1.17 N ± 0.54, avg B: -0.60 N ± 0.68, avg 
WH: 1.70 N ± 0.54, avg LE: -0.19 N ± 0.71) was observed for subjects with a previous 
history of wrist/hand (WH) injury. Therefore, subjects with a history of elbow injury 
appeared to experience greater rotational stress at the shoulder, and subjects with 
previous wrist/hand injury were subjected to greater compressive stress at the wrist. Both 
these finding could be significant for joint-specific injury risk. 
Correlations for time between ROBHS hand contacts and joint stress 
Relative timing of ROBHS technique elements might influence overall sequence 
mechanics and associated injury potential. Therefore, correlations between force, kinetic, 
and kinematic variables at all major upper limb joints and the time between initial 
ROBHS hand contacts were evaluated. Associations between variables that suggested an 
influence of time duration between hand contacts on ROBHS mechanics at the time of 
initial hand impact are shown in Table 3. The time between hand contacts was 
determined by taking the difference between the time of maximum vertical (z) GRF for 
the first and second hand contact during the round-off portion of the ROBHS. Positive 
correlations for time between ROBHS hand contacts and wrist internal rotation (+x) 
moment (p = 0.6267), sagittal (z) plane loading rate (p = 0.5153), and time to peak frontal 
(y) plane GRF (p = 0.5495) were observed. The time between ROBHS hand contacts also 
appeared inversely related to first hand elbow extension (-z) angles (p = -0.5909) and 
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elbow flexion (+z) torque (p = -0.8825). Therefore, decreasing the time between hand 
contacts could decrease wrist moment and limb loading rate for the first arm and could 
decrease the time to peak contact force generation for the second arm of contact at the 
expense of increased elbow angles and torque. 
Table 3. Biomechanical correlations with the time duration between ROBHS hand 
contacts. 
The time between maximum GRF z generation for the ROBHS first and second hand 
contacts is inversely related to first hand elbow angles and torque and positively 
correlated with wrist moment, loading rate, and second hand time to peak GRF.  
Variable r2 
Contact 
Hand 
Elbow Angles (+X)  -0.5909 1 
Elbow Torque (+X) -0.8225 1 
Wrist Moment (+Z) 0.6267 1 
Loading Rate (Z) 0.5153 1 
Time to Peak GRF (Y) 0.5495 2 
 
Relative timing of first hand contact biomechanical stresses for the entire ROBHS 
In an effort to determine the average time order of biomechanical stresses 
associated with the entire ROBHS movement sequence, the times of maximum and 
minimum global values for all assessed biomechanical variables were normalized to the 
time of first hand impact when GRF z (greatest force plate measure of vertical contact 
force) was recorded. This average timing of biomechanical events was compared with the 
time of occurrence of key technique events, such as the time (normalized to the time of 
first hand impact) when subjects were inverted mid-air. As shown in Table 4, this 
allowed key biomechanical stresses to be mapped to specific times and the general 
movements that were being performed at that point in the ROBHS sequence. Although 
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Table 4 is an abbreviated time order of the ROBHS sequence, the time profile for the 
entire movement sequence is contained in Appendix Table A2. The majority of assessed 
biomechanical events appeared to occur during the round-off portion of the movement 
sequence, potentially suggesting a greater association of a series of biomechanical 
stresses with the round-off portion of the ROBHS as compared with the back handspring.  
Table 4. Abbreviated average time order of ROBHS motion sequence and 
biomechanical stress events. 
The times of maximum and minimum joint angles, torques, and compression and 
distraction forces for both elbows, wrists, and shoulders were recorded relative to the 
time of maximum GRF z for the first hand contact to control for differences in subject’s 
initial approach speed. Timing of biomechanical stress events was compared with 
average times of key ROBHS movement elements for both the round-off (RO) and back 
handspring (BHS) portions of the overall ROBHS sequence. 
Event 
Relative Time 
(s) 
RO: max 1st hand GRF z (1st hand contact) 
 
Minimum R Wrist Angles Y 0.006986 
Maximum L Elbow Force Distraction Z 0.02018 
Maximum L Elbow Torque Y 0.02331 
Maximum R Elbow Moment Z 0.02817 
Maximum L Wrist Force Distraction Z 0.0424 
RO: max 2nd hand GRF z (2nd hand contact) 0.04488 
Minimum R Wrist Angles X 0.07536 
Maximum L Shoulder Moment Z 0.07988 
Maximum L Elbow Angle X 0.1046 
Maximum L Wrist Angles X 0.1056 
Maximum R Wrist Moment Z 0.1125 
Minimum L Wrist Moment X 0.1136 
Maximum L Shoulder Torque X 0.1146 
Maximum L Elbow Torque Z 0.1219 
Maximum L Shoulder Torque Z 0.1233 
Minimum L Shoulder Moment Y 0.1233 
RO: 2nd hand flat 0.145 
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Maximum R Elbow Torque Z 0.1546 
Maximum L Wrist Moment Y 0.1657 
RO: 1st hand flat 0.1665 
Maximum R Shoulder Torque Z 0.1761 
Maximum L Wrist Moment Z 0.1799 
Maximum R Shoulder Force Distraction Z 0.2056 
Maximum R Elbow Moment X 0.2129 
RO: both hands on ground-arms rotate 0.21514 
Maximum R Shoulder Torque X 0.2323 
Maximum R Shoulder Moment X 0.2355 
Minimum L Wrist Angles Y 0.2469 
Minimum R Elbow Angles X 0.2483 
RO: double hand push-off 0.2726 
Maximum L Shoulder Moment X 0.3006 
Maximum L Wrist Moment X 0.3007 
Minimum L Wrist Angles X 0.3056 
Minimum L Wrist Moment Z 0.3066 
Maximum L Elbow Moment X 0.3077 
Maximum R Wrist Force Distraction Z 0.3115 
Maximum R Wrist Moment Y 0.3125 
Maximum R Elbow Force Compression Z 0.3289 
Maximum R Wrist Moment X 0.3323 
Minimum L Shoulder Angles X 0.3396 
Maximum L Shoulder Angles Y 0.3483 
Maximum L Shoulder Force Distraction Z 0.3549 
Maximum L Shoulder Angles X 0.3667 
Maximum R Elbow Angles X 0.3702 
RO: in air  0.3777 
Maximum R Elbow Force Distraction Z 0.3803 
Maximum L Shoulder Moment y 0.3844 
Maximum L Elbow Torque X 0.3938 
Minimum L Wrist Moment Y 0.4084 
Maximum L Shoulder Torque Y 0.4087 
Maximum L Elbow Force Compression Z 0.4112 
Maximum L Wrist Angles Y 0.4632 
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Maximum L Shoulder Force Compression Z 0.4914 
Maximum L Elbow Moment Y 0.4997 
Minimum R Shoulder Torque Y 0.5125 
Minimum R Wrist Moment Y 0.5132 
RO: feet land 0.5144 
Maximum R Elbow Torque X 0.5306 
Maximum R Elbow Torque Y 0.5334 
BHS: bend knees to start 0.5457 
Maximum R Hand Shoulder Angles X 0.5573 
Maximum L Hand Shoulder Angles Z 0.5719 
Maximum R Hand Shoulder Angles Z 0.5723 
Maximum R Hand Shoulder Torque Y 0.582 
Maximum R Shoulder Angles Y 0.6396 
BHS: feet land 1.1463 
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DISCUSSION 
 The primary objective of this study was to characterize the first hand 
contact of a gymnastics ROBHS. Context for first hand contact measures was provided 
by comparison with second hand contact values in the literature and the current study. 
Potential sources of upper extremity injury risk due to first hand contact biomechanics 
were evaluated by joint. The influence of technique factors, including timing, on injury 
risk relationships was then assessed. Additional methods to possibly minimize the injury 
potential of biomechanically derived ROBHS first hand contact were suggested based on 
study findings. 
   
Characterization of the ROBHS first hand contact 
ROBHS first hand contact has distinct biomechanics and possibly different injury 
potential from the second hand contact 
Observed biomechanical differences suggest that the first and second limb to 
contact the ground in the ROBHS are behaving fundamentally differently. Limbs appear 
to have distinct roles in the ROBHS based on the order of hand contact, and hand contact 
order appears to have the greatest influence of all factors assessed on upper extremity 
biomechanics. The first hand contact seems to assume a balance-maintaining and limb-
positioning role through elbow and wrist angle adjustments to help ensure adequate trunk 
rotation in preparation for the second hand contact. The second limb is then deposited 
vertically into the ground with less apparent compensation mechanisms to offset the 
stress of impact.  
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Support for this idea comes from the significant differences in average 
biomechanical stresses experienced by each limb of contact shown in Table 2.  Larger 
average wrist and elbow angles, rotational elbow extension stress, and loading rates 
appear associated with the first hand contact (Table 1).  Greater shoulder stress in the 
frontal plane (y), contact force generation in the transverse plane (x), and wrist distraction 
force were observed for the second hand contact. Therefore, at initial ground impact, 
biomechanics of the first contact limb appear linked to activity at the elbow, whereas 
second hand contact mechanics are more dependent on shoulder motion. Confidence in 
these observations is provided by agreement with literature values. For example, elbow 
flexion angle and extension moment recorded for the ROBHS first hand contact were 
consistently larger than second hand ROBHS contact values measured in the current 
study and reported in the literature (Farana et al., 2014). 
 
Differences in hand contact order also appear to have an effect throughout the 
entire movement sequence. Significant differences in maximum stress values reported on 
the basis of contact order for biomechanical events not occurring at the time of initial 
contact, such as elbow flexion torque, hint that hand contact order not only influences 
how each limb hits the ground but also dictates limb recovery from impact and transition 
into subsequent movements. 
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Significantly larger biomechanical stresses at particular joints may translate into 
greater joint specific injury risk. Therefore, limbs on the basis of contact order may also 
have differing injury determinants and primary sites of injury potential based on observed 
differences in biomechanics depicted in Figure 7. The second contact limb has a 
significantly larger GRF x and a larger average GRF in all planes which has influence 
across a range of variables including distraction force and is of primary concern at the 
shoulder and wrist. However, the first hand contact has a shorter time to peak ground 
reaction force, which has been cited as extremely critical for injury development 
(O’Kane, Levy, Pietila, Caine, & Schiff, 2011). The first hand contact also displayed 
significantly large joint angles compared with the second hand including shoulder 
extension angles that exceeded subjects’ average passive range of motion which could 
lead to excessive stress on supportive soft-tissue structures over time. Several 
significantly large kinematic values such as elbow extension torque were also reported 
for the first hand contact.  Several of these measures have been implicated in injury 
mechanisms, especially at the elbow, the leading site of upper extremity injury (Kerr et 
al., 2015).  
 
Therefore, this comparative analysis has helped to characterize the first hand 
ROBHS contact and underscore the functional significance of the first hand contact 
relative to the second hand. The combination of distinct roles, unique biomechanics and 
possibly differing injury potential highlights the need for additional analysis of the first 
hand contact of the ROBHS. The similarity in average biomechanical stresses recorded 
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for the ROBHS such as GRF z and wrist extension angle to to literature reported values 
for the related standing back handspring maneuver also demonstrates the necessity for 
future analysis of both contact limbs in other gymnastics maneuvers. 
 
First hand contact injury potential by joint 
Protective literature mechanism for lateral elbow injury may need revision for the first 
hand contact 
Associations were observed to support the idea that increasing elbow flexion 
angle at impact could reduce the risk of chronic elbow injury. Increasing elbow flexion 
angle may result in slower development of lower magnitude GRF, which could limit 
overloading of the elbow joint (Figure 8). However, the effects of elbow flexion angle are 
likely not occurring exactly in the predicted manner. While increased elbow extension 
moment is associated with longer time to peak force development, it does not appear 
related to the actual magnitude of force developed or associated elbow flexion angles. 
This suggests that increases in elbow flexion angles and elbow extension moment may 
work in parallel to limit the overall elbow loading rate primarily by slowing development 
of peak GRF. However, elbow flexion angles also do not appear to influence elbow 
valgus torque development. Therefore, all hypothesized protective pathway determinants 
are not interacting in the predicted manner, suggesting that the overall mechanism may 
need some revision to account for the influence of secondary factors at the first hand 
contact that are in need of further study. However, it is possible that increased elbow 
flexion angle could help to decrease lateral elbow injury risk for serious conditions like 
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OCD that are believed to result from excessive joint loading. Note that increased elbow 
flexion as a safety recommendation is however not consistent with current gymnastics 
judging criteria as discussed in the introduction. Therefore, increased elbow flexion angle 
at the time of round-off hand contact in an ROBHS still remains as a potential 
intervention to lower injury potential, but is in need of further study.  
 
ROBHS first hand contact rotational elbow injury risk could be linked to shoulder torque 
Rotational movement of the elbow in the frontal (y) plane appears correlated to 
rotation at the shoulder in the sagittal (z) plane for the first limb of contact (Figure 9, r2 = 
0.92262).  Observation of a strong positive correlation between torque at these joints, 
suggests that biomechanics related to development of increased torsional stress at the 
elbow may also influence the shoulder and vice versa. This provides evidence for linked 
injury potential due to torque across the upper limb, which is consistent with the upper 
extremity functioning as an interconnected unit as shown in qualitative video analysis of 
joint movement patterns occurring at the time of limb impact. At initial hand contact 
during the round-off portion of the ROBHS, subjects typically rotate from both the elbow 
and the shoulder in an effort to pivot the upper trunk from a perpendicular to a parallel 
position relative to the direction of translational motion as shown in panels 2-3 of Figure 
1. 
 
The lack of a strong correlation between elbow torque and GRF generation in any 
plane for the first hand contact is suggestive that increased rotational motion is not 
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necessarily a direct byproduct of contact force generation, and could instead result from 
overall limb positioning. This is consistent with qualitative video analysis which revealed 
that subjects with larger elbow torque values appeared to either slightly over or under 
rotate the first limb of contact. As a result, the subject typically landed leaning back on 
the lead elbow which forced the subject to generate increased rotation from the shoulder 
to successfully land and push-off from both hands. 
 
Therefore, the apparent interconnection of elbow and shoulder rotation in the y 
and z planes suggests that technique interventions calling for increased rotation from the 
shoulder as opposed to the elbow at ground impact might not be successful. Instead, 
positioning of the elbow itself might need correction. This could perhaps occur by 
adjusting the time between hand contacts to ensure that subjects are not forced to over or 
under-rotate the trunk in an effort to place both hands on the ground in a desired position. 
 
First contact shoulder and wrist injury potential linked to ground contact force 
Shoulder compression force is strongly associated with resultant GRF (r2 = 
0.9155) and elbow compression force (Figure 10, r2 = 0.8206). However, shoulder 
compression force is only weakly correlated with wrist compression force and no 
association is observed between compression force at the wrist and elbow. This series of 
relationships suggests a fundamental difference in how compression force is developed 
across the upper extremity. Based on the previously described relationship for elbow and 
shoulder torque development in the sagittal (z) plane, compression force development at 
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the elbow and a component of the compression force at the shoulder could be dependent 
on rotational motion. 
 
Meanwhile, compression force development at the wrist and a component of the 
shoulder compression force is more likely to result from GRF. This explains why the 
same degree of correlation is not observed at the elbow and no association is shown 
between elbow and wrist force distraction despite being in greater anatomical proximity 
to one another. Therefore, observations suggest that GRF plays a primary role in 
determination of injury risk at the shoulder and wrist through sheer force loading and 
through the development of compression force that can contribute to repetitive impact 
injuries. However, average GRF values in any plane were not observed to exceed the 
1600 N limit required to shatter the wrist at impact (Halliday, 2013).  
 
Therefore, the combination of these observations helps to establish the view that 
for the first hand contact the wrist injury potential comes directly from ground contact 
force resulting in impact injuries while elbow injury potential has a rotational aspect that 
can result in excessive lateral loading responsible for conditions like OCD. Positon of the 
shoulder at the point of hand contact allows it to have some accommodative rotational 
motion like the elbow, which is logical based on the shoulder’s greatest range of motion 
of all the assessed joints. Furthermore, the shoulder also likely functions in-line with the 
wrist as a shock absorber which is consistent with observations of both impact injuries 
like shoulder impingement and rotational injuries like rotator cuff strain at the shoulder. 
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Therefore, findings suggest unique but interrelated mechanics and injury potential for 
each joint. As a result, future ROBHS interventions to limit shoulder and wrist injury 
potential should likely seek to minimize ground contact force. These observations also 
reinforce how biomechanical variables and injury risk are connected across the upper 
limb.  
 
Comments concerning joint specific injury risk were also substantiated by 
observations of increased joint stress at locations relevant to subjects’ previous injury. 
Subjects’ previous injury history was seen to correlate with higher joint stress for at least 
one measure and therefore injury potential for the two groups whose site of primary 
injury was specifically assessed in this study. Higher average wrist compression force 
was reported for subjects with a previous history of hand/wrist injury. This observed 
difference in biomechanics could have possibly predisposed these subjects to their initial 
injury or could be a result of increased limb stiffness stemming from previous injury. 
 
Higher magnitude shoulder torque z was observed for the cohort of subjects with 
a previous elbow injury which reinforces study observations that have demonstrated the 
interconnection of elbow and shoulder rotational biomechanics in the frontal and sagittal 
planes respectively. Restricted joint range of motion from prior elbow injury may also 
force these subjects to develop additional rotation at the shoulder resulting in increased 
torque. However, a very small sample size for each injury set was used which allowed 
only supportive observations can be drawn. At this time, it is not possible to definitively 
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prove that subjects’ biomechanics and correspondingly greater joint stresses directly 
contributed to their original injury. Yet, the relevance of these observations is 
strengthened by the fact that a large portion of previous injuries occurred while 
performing tumbling skills (n = 5). Overall, these observations reinforce the functional 
significance of study observations for possible joint specific injury determinants at the 
first hand contact. 
 
Technique factors influencing first hand contact biomechanics and injury risk 
Gymnastics right hand dominance may offer decreased global elbow injury risk 
Successful performance of an ROBHS does not appear to require technique 
modification based on whether the right or left hand strikes the ground first. Relatively 
the same movement pattern is being performed at ROBHS initial ground contact 
irrespective of gymnastics hand dominance since no biomechanical difference was noted 
at impact for subjects sorted by limb of first contact preference. This is consistent with 
understanding since all subjects are attempting to replicate the same basic technique just 
with a different handedness. 
 
While hand dominance does not appear to influence how a subject initially strikes 
the ground it may influence the net stress applied to each limb for the duration of the 
ROBHS maneuver. Right hand dominant subjects reported significantly lower maximum 
elbow external rotation and flexion torque for the entire movement sequence. Therefore, 
right hand dominance could be associated with decreased injury risk at the elbow.  
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However, right limb observations were derived from a small sample size (n = 3) that was 
compared with a much larger data set. Therefore, the true variation in right hand values 
might not have been revealed. However, confidence in observed differences is bolstered 
by consistent observation of hand dominance trends for all subjects. In other words, 
significantly different right hand contact values were lower for all right hand dominant 
subjects. Differences in mid-air rotation around the vertical plane have been linked to 
gymnastics hand dominance which could also account for significant differences in 
global sequence values that were not noted at initial contact. Observed differences cannot 
be readily ascribed to measurement error since the experimental set-up and camera 
placement was adjusted for each subject’s hand dominance.  
 
Therefore, results suggest some benefit for right hand gymnastics dominance 
which might offer lower elbow joint stress. However, higher levels of gymnastic 
competition demand ambidextrous proficiency for completion of some high value 
combination skills such as the Katasuma vault (Heinen et al., 2012). As a result, 
modifying gymnastics hand dominance for high level gymnasts may not be a logical 
intervention. This fact in combination with the demonstrated lack of influence on ground 
contact biomechanics demands additional evidence for the actual impact of right 
gymnastics hand dominance on elbow injury incidence before support for teaching a 
particular ROBHS hand dominance can be adopted. 
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Second hand positioning technique does not affect first hand kinematics at initial impact 
  Second hand placement technique was not shown to influence first limb of contact 
kinematic variables at time of initial ground contact. This suggests that the biomechanics 
of the initial ROBHS approach and positioning of the first contact hand do not have to be 
significantly altered in preparation to execute specific second hand placement technique. 
However, significant differences in force variables were observed for the first hand 
contact with larger ground reaction force in the transverse (x) plane associated with use 
of the T second hand position. Yet, the significance of this relationship to actual 
increased injury risk is unknown. In accordance with literature observations, GRF z was 
identified as the primary contributor to resultant GRF measures at both hand contacts 
(Koh et al., 1992). Therefore, GRF x measures, which are an average order of magnitude 
smaller may have limited functional significance. Irrespective, it was important to 
establish that second hand positioning can influence GRF development for the first hand. 
This suggests that hand position in general can influence the biomechanics of the 
contralateral limb and overall GRF generation. Such observations at least make a case for 
future evaluation of literature technique recommendations, including use of the T hand 
position, at both limbs of contact. 
Maximum ground contact force occurrence at push-off could minimize elbow stress 
Maximum ground contact force for the ROBHS first hand contact was recorded 
close to initial impact for the majority of subjects (n = 12). However, for a small sub-set 
of subjects, maximum ground contact force was instead generated at first hand push-off 
from the force plate alongside significantly different biomechanics. Significantly lower 
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average elbow and shoulder compression force in addition to smaller magnitude ground 
contact force in the sagittal (z) plane developed over a longer time period was noted. 
Therefore, mechanics contributing to delayed GRF z development could be significant 
for lowering stress on the elbow and shoulder. 
 
The association of time of GRF generation with significant differences in elbow 
and shoulder compression force alone suggests that the influential mechanism for 
maximum GRF generation at push-off is rotational in nature based on previously outlined 
elbow and shoulder compression force relationships. Therefore, it is possible that the 
lower associated elbow and shoulder stresses with delayed maximum GRF generation are 
related to differences in how the first arm is rotating at time of initial impact. However, 
further study and a larger sample size of gymnasts that generate maximum GRF at push-
off is necessary to fully elucidate the exact mechanism involved. This demonstration of 
how altering the timing of a key ROBHS technique event might result in lower stress at 
the elbow and shoulder also highlights the need for assessment of how aberrations to the 
now defined average ROBHS time sequence affect overall biomechanics and associated 
injury potential. 
 
Majority of maximum biomechanical stresses occur during the round-off ground contact 
portion of the ROBHS 
A novel characterization of the average time sequence of maximum and minimum 
biomechanical stresses associated with the ROBHS is compiled in Table 4. The time of 
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occurrence for all biomechanical stresses and timing of key phases of the ROBHS were 
all normalized to the time of first hand contact (the time of average maximum GRF z 
generation for the first hand) in order to provide a common reference point for all trials. 
This facilitated the observation that the majority of maximum biomechanical stresses 
occur during the round-off portion of the ROBHS with predominantly only maximum 
shoulder angles occurring during the back handspring. Such observations make sense 
kinetically and are consistent with qualitative video analysis of subjects’ motions. For 
example, the round-off is the first gymnastics skill performed as part of the ROBHS 
sequence and therefore benefits from the acceleration gained in the initial run approach of 
the maneuver. Meanwhile, the largest shoulder angles are expected to occur during the 
back handspring portion of the sequence since the subject must bend their arms 
backwards over the top of their head in order to complete the move as shown in panels 7 
and 8 of Figure 1. 
 
Based on the greater number of maximum biomechanical stresses events 
occurring during the round-off portion of the ROBHS, it appears that this phase has a 
greater injury potential compared with the back handspring portion of the motion 
sequence. Therefore, the characterized first hand ROBHS contact is occurring during a 
time of increased injury potential for the entire maneuver. The compilation of an average 
time order of ROBHS biomechanics also now allows for future analysis of the 
biomechanical effects associated joint stress and injury risk that is incurred through 
deviations in event order or timing from the average sequence. 
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Possible ROBHS modifications to minimize upper extremity injury potential 
Minimizing time between ROBHS hand contacts might lower upper extremity injury risk 
Evaluation of timing between hand contacts helps to reveal important force 
generation patterns and a possible compensation mechanism for the ROBHS as outlined 
in Table 3. A greater time duration between between ROBHS hand contacts is associated 
with a larger magnitude loading rate for the first hand and a longer time to peak GRF for 
the second hand. These relationships suggest that the first hand is being subjected to 
increased loading and therefore supporting a greater portion of the body weight for a 
longer period of time. Increased GRF for the first hand is not observed since the first 
hand is not hitting the ground harder. Instead, full weight transfer is just delayed. This 
notion is supported since an increased time to peak is not observed, which suggests that 
the first hand is not being rotated onto and assuming maximum support of the body 
weight and contact force faster. Instead, the elbow is supporting a greater percentage of 
the body weight and contact force as it remains the sole limb in contact with the ground 
for longer and is therefore subjected to a greater load. This is of interest since overloading 
of the elbow joint has been implicated as one of the primary forms of chronic elbow 
injury development. 
 
This first hand support of a greater load could require arms to be less flexed at 
contact in order to mechanically support the body weight on one hand and its distribution 
through a single wrist for a longer period of time. This decreased elbow flexion in 
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combination with the increased loading leads to increased wrist moment to help 
compensate for the additional stresses not being absorbed by elbow flexion. Straighter 
arms at round-off contact could also account for decreased torque in the same plane, 
since mechanically this technique does not allow for increased rotational motion that 
leads to torsional strain. 
 
A hypothesized reason for increased time between hand contacts was that subjects 
were placing their hands down at angle instead of contacting the ground with a relatively 
flat hand. Therefore, additional time was thought to be required to rotate fully onto the 
second hand thereby increasing the time between development of maximum contact force 
for both hands in the process. However, correlations with wrist angles or increased 
duration of contact for each hand were not reported suggesting that neither wrist angle 
nor delayed rotation onto a fully supported hand is the primary cause for the delay 
between max hand contacts. The lack of such associations suggests that the difference in 
contact times is not due solely to limb positioning at the time of contact, but instead 
likely more dependent on an external factor like speed of rotational motion. 
 
Additionally, no strong inverse associations between shoulder variables and time 
between hand contacts were observed.  There was interest in observing evidence to 
support the hypothesis that increased time between hand contacts would allow for 
additional time to adjust movement components to lead to lower stresses at the shoulder. 
However, such compensatory movements may have been overshadowed by shoulder 
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movements that may be required to help compensate for increased stress at the wrist and 
elbow. 
 
Therefore, based on the increased stress experienced at the first hand wrist and 
elbow, with limited benefit to the second hand in the form of decreased time to peak of 
maximum ground contact force in the frontal (y) plane the degree of benefit from 
decreasing time between round-off hand contacts remains to be fully determined. 
However, if the primary objective of a possible intervention is to limit a key hypothesized 
cause of injury (valgus (+y) overloading of the joint complex) at the primary site of upper 
extremity gymnastics injury (the elbow) for the hand subjected to greater loads (the 
second contact hand), minimizing time between hand contacts appears worthy of 
continued consideration as a possible easy to implement and protective ROBHS 
technique modification. It also has the added benefit of not interfering with gymnastics 
scoring criteria. Therefore, decreasing the time between hand contacts might be a simple 
technique intervention that could decrease stresses associated with the major stresses 
associated with elbow injury potential. The technique modification could be taught to 
even the youngest gymnasts who might be more at risk for injury potential while gaining 
skill proficiency and could be implemented by instructing gymnasts to plant their hands 
in a faster succession. 
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Conclusion 
The primary objective of this study to characterize the first hand ROBHS contact 
was achieved through profiling the magnitudes and times of occurrence for key 
biomechanical stresses associated with the first limb at impact. The relative significance 
of these force, kinetic and kinematic observations at three major upper extremity joints 
was successfully gauged through comparison with the second hand contact. The 
biomechanics of the first and second contact limbs were determined to be fundamentally 
different with the first contact limb assuming a more rotational and positional role 
compared with the second contact limb that is more dependent on ground impact. 
Differing maximum biomechanical stresses for the first hand contact also highlight its 
unique injury potential by joint. Novel findings for ROBHS injury risk were offered 
through suggestion of a relationship between frontal (y) plane torque at the elbow and 
torque in the sagittal (z) plane of the shoulder. At the elbow, study findings helped to 
clarify the relationship between variables like flexion angles, GRF, valgus torque cited in 
the literature as having a possible influence on chronic overload injury risk. At the 
shoulder and wrist, GRF may serve as a primary injury determinant. Furthermore, 
compression force development at the shoulder was observed to have both a rotational 
component highly related to elbow force compression force development. It also has a 
second component associated with a development mechanism similar to wrist force 
distraction dependent on GRF. Potential technique factors that could possibly impact 
these biomechanical and injury risk relationships were assessed with hand contact order 
identified as the most influential. Gymnastics hand dominance was also not observed to 
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have a significant effect on first hand contact kinematics. The characterized first hand 
contact also occurs during the round-off portion of the ROBHS sequence which appears 
to have a higher upper extremity injury potential compared with the back-handspring 
portion of the movement sequence based on the time order of measured maximum 
biomechanical stresses. 
 
Investigation and extension of injury compensation mechanisms proposed in the 
literature was also conducted. A negative relationship appears to exist between elbow 
flexion angle and resultant GRF for the first hand contact that could possibly be exploited 
in a future ROBHS technique intervention to minimize chronic injury risk. However, the 
potentially protective effect of elbow flexion torque on lateral elbow loading injuries 
involving GRF and elbow abduction moment proposed in the literature may need some 
revision of intermediary steps for application at the first hand. However, an alternative 
ROBHS technique intervention to minimize time between ROBHS hand contacts during 
the round-off phase in an effort to minimize elbow injury was derived from study 
observations and has the added benefits of being easy to implement and not contrasting 
with gymnastics judging criteria. Yet, foremost this study establishes the relative 
importance of the first hand contact from a biomechanics and upper extremity injury 
perspective and makes the case for its evaluation in other gymnastics moves in 
subsequent studies. As this study has established the foundation for future work through 
development of a full biomechanical profile across the entire upper limb of a fundamental 
gymnastics maneuver that can be used for comparative analysis of similar gymnastics 
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moves or even more complex combination skills involving the ROBHS that can also be 
used for multiple gymnastics competition events like the beam and vault. 
 
Limitations 
Limitations of this study included that vertical and horizontal subject acceleration 
was not controlled for. However, subjects were instructed to perform the ROBHS in the 
manner usually executed in practice or competition without a lot of additional constraints 
on their ROBHS approach solely for experimental purposes. Therefore, recorded 
biomechanics are likely more functionally significant and reflective of subjects’ everyday 
mechanics. However, the strength of some comparison measures made in the study were 
limited by the study’s small sample size of 15 subjects, especially since only 5 subjects 
were right hand dominant. However, this is a typical sample size for human subject 
biomechanics studies and the n = 15 is over double the size of the only other 3D ROBHS 
studies in the literature (n = 6).  
 
Future Directions 
Future directions include repeating this study with an increased sample size of 
gymnasts at the same level of competition who are similar in age. Additional work is also 
needed to analyze the exact nature of the influence of elbow flexion angle on GRF 
development. Furthermore, the relative advantage of increased elbow flexion and 
minimized timing between hand contacts to overall injury risk still remains to be 
determined. Each potential intervention’s benefit as a protective ROBHS technique 
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modification would need to be assessed via an interventional study that evaluates 
subjects’ initial upper extremity biomechanics and changes after allowing subjects 
sufficient time to implement and become comfortable with the modified technique. 
Gymnastics will always have some degree of risk and not all injuries can be prevented, 
especially in acute instances based on the nature of sport-specific movements required 
such as impacting the ground with great force and transferring the entire body weight 
from the hands to the feet like in the ROBHS. However, through improved understanding 
of biomechanics, sources of chronic injury can be targeted and alterations to the ROBHS 
movement sequence itself can be implemented to limit upper extremity injury potential. 
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APPENDIX 
 
Table A1. Complete profile of ROBHS first and second hand contact biomechanics. 
Compiled average joint angles, torques, and moments for the wrist, elbow and shoulder 
in x (transverse), y (frontal) and z (sagittal) planes for the first and second limb to 
contact the ground in an ROBHS. Resultant and average ground contact force (GRF), 
time to generate peak GRF and loading rate for all planes is listed along with the contact 
duration of each hand and the time between max GRF generation for the first and second 
contact.   
Measure Avg ± Stdev 
1st hand Elbow Angle (+X) 50.12° ± 5.76 
2nd hand Elbow Angle (+X) 33.07° ± 6.53 
1st hand Wrist Angle (-X) -84.52° ± 6.27 
2nd hand Wrist Angle (-X) -85.56° ± 4.75 
1st hand Wrist Angle (+Y) 3.53° ± 2.45 
2nd hand Wrist Angle (+Y) 1.12° ± 0.8 
1st hand Wrist Angle (-Y) -2.53° ± 0.75 
2nd hand Wrist Angle (-Y) -4.36° ± 2.42 
1st hand Shoulder Angle (+X) 53.75° ± 15.49 
2nd hand Shoulder Angle (+X) 43.18° ± 10.56 
1st hand Shoulder Angle (+Y) 127.36° ± 6.66 
2nd hand Shoulder Angle (+Y) 123.24° ± 9.07 
1st hand Shoulder Angle (+Z) 59.68° ± 11.87 
2nd hand Shoulder Angle (+Z) 71.46° ± 11.72 
1st hand Elbow Torque (+X) 42.86 Nm ± 8.85 
2nd hand Elbow Torque (+X) 23.19 Nm ± 8.39 
1st hand Elbow Torque (-X) -48.89 Nm ± 18.01 
2nd hand Elbow Torque (-X) -22.49 Nm ± 9.19 
1st hand Elbow Torque (+Y) 6.07 Nm ± 2.34 
2nd hand Elbow Torque (+Y) 9.87 Nm ± 5.93 
1st hand Elbow Torque (-Y) -7.71 Nm ± 7.48 
1st hand Elbow Torque (+Z) 1.56 Nm ± 1.21 
2nd hand Elbow Torque (+Z) 0.81 Nm ± 0.44 
1st hand Elbow Torque (-Z) -2.45 Nm ± 2.47 
2nd hand Elbow Torque (-Z) -1.65 Nm ± 1.54 
1st hand Shoulder Torque (+X) 13.2 Nm ± 10.65 
2nd hand Shoulder Torque (+X) 13.99 Nm ± 5.33 
1st hand Shoulder Torque (-X) -3.66 Nm 
2nd hand Shoulder Torque (-X) -13.52 Nm ± 3.13 
1st hand Shoulder Torque (+Y) 11.97 Nm ± 6.98 
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2nd hand Shoulder Torque (+Y) 26.8 Nm ± 9.5 
1st hand Shoulder Torque (-Y) -16.15 Nm ± 22.55 
1st hand Shoulder Torque (+Z) 4.82 Nm ± 2.49 
2nd hand Shoulder Torque (+Z) 7.92 Nm ± 4.15 
1st hand Shoulder Torque (-Z) -7.19 Nm ± 6.11 
2nd hand Shoulder Torque (-Z) -2.08 Nm 
1st hand Elbow Moment (-X) -0.8 Nm ± 0.17 
2nd hand Elbow Moment (-X) -0.41 Nm ± 0.15 
1st hand Elbow Moment (+Y) 0.1 Nm ± 0.083 
2nd hand Elbow Moment (+Y) 0.18 Nm ± 0.12 
1st hand Elbow Moment (-Y) -0.073 Nm ± 0.03 
2nd hand Elbow Moment (-Y) -0.22 Nm ± 0.2 
1st hand Elbow Moment (+Z) 0.11 Nm ± 0.093 
2nd hand Elbow Moment (+Z) 0.035 Nm 
1st hand Elbow Moment (-Z) -0.083 Nm ± 0.031 
2nd hand Elbow Moment (-Z) -0.11 Nm ± 0.06 
1st hand Wrist Moment (+X) 0.29 Nm ± 0.15 
2nd hand Wrist Moment (+X) 0.43 Nm ± 0.18 
1st hand Wrist Moment (-X) 0.34 Nm 
1st hand Wrist Moment (+Y) 0.054 Nm ± 0.0029 
2nd hand Wrist Moment (+Y) -0.016 Nm ± 0.11 
1st hand Wrist Moment (-Y) -0.069 Nm ± 0.057 
2nd hand Wrist Moment (-Y) -0.12 Nm ± 0.075 
1st hand Wrist Moment (+Z) 0.042 Nm ± 0.029 
2nd hand Wrist Moment (+Z) 0.02 Nm ± 0.012 
1st hand Wrist Moment (-Z) -0.061 Nm ± 0.068 
2nd hand Wrist Moment (-Z) -0.034 Nm ±0.032 
1st hand Shoulder Moment (+X) 0.13 Nm ±0.17 
2nd hand Shoulder Moment (+X) 0.27 Nm ±0.11 
1st hand Shoulder Moment (-X) -0.25 Nm ± 0.16 
2nd hand Shoulder Moment (-X) -0.21 Nm ± 0.07 
1st hand Shoulder Moment (+Y) 0.29 Nm ± 0.4 
1st hand Shoulder Moment (-Y) -0.32 Nm ± 0.24 
2nd hand Shoulder Moment (-Y) -0.49 Nm ± 0.17 
1st hand Shoulder Moment (+Z) 0.11 Nm ± 0.091 
2nd hand Shoulder Moment (+Z) 0.035 Nm 
1st hand Shoulder Moment (-Z) -0.082 Nm ± 0.033 
2nd hand Shoulder Moment (-Z) -0.13 Nm ± 0.068 
1st hand Elbow Force Distraction (-Z) -8.15 N ± 0.89 
2nd hand Elbow Force Distraction (-Z) -8.4 N ± 2.12 
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1st hand Wrist Force Distraction (+Z) 1.14 N ± 0.57 
2nd hand Wrist Force Distraction (+Z) 0.67 N ± 0.62 
1st hand Wrist Force Distraction (-Z) -0.69 N ± 0.42 
2nd hand Wrist Force Distraction (-Z) -1.01 N ± 0.45 
1st hand Shoulder Force Distraction (-Z) -6.9 N ± 1.31 
2nd Hand Shoulder Force Distraction (-Z) -6.26 N ± 1.85 
1st hand Contact Force (X) 1.34 N ± 0.35 
2nd hand Contact Force (X) 2.00 N ± 0.63 
1st hand Contact Force (Y) 0.78 N ± 0.38 
2nd hand Contact Force (Y) 0.87 N ± 0.19 
1st hand Contact Force (Z) 8.58 N ± 1.12 
2nd hand Contact Force (Z) 8.85 N ± 2.20 
1st hand Resultant Contact Force  8.72 N  ± 1.12 
2nd hand Resultant Contact Force 9.12 N ± 2.25 
1st hand Time to Peak GRF (X) 0.27 s ± 0.077 
2nd hand Time to Peak GRF (X) 0.24 s  ± 0.084 
1st hand Time to Peak GRF (Y) 0.11 s ± 0.066 
2nd hand Time to Peak GRF (Y) 0.12 s ± 0.057 
1st hand Time to Peak GRF (Z) 0.33 s ± 0.064 
2nd hand Time to Peak GRF (Z) 1.72 s ± 0.72 
1st hand Resultant Time to Peak GRF 0.44 s ± 0.074 
2nd hand Resultant Time to Peak GRF 1.79 s ± 0.42 
1st hand Loading Rate (X) 5.13 N/s ± 2.81 
2nd hand Loading Rate (X) 7.75 N/s ± 2.98 
1st hand Loading Rate (Y) 5.13 N/s ± 2.81 
2nd hand Loading Rate (Y) 9.27 N/s ± 4.36 
1st hand Loading Rate (Z) 27.99 N/s ± 7.10 
2nd hand Loading Rate (Z) 6.31 N/s ± 2.83 
1st hand Resultant Loading Rate 30.91 N/s ± 7.92 
2nd hand Resultant Loading Rate 14.12 N/s ± 5.18 
1st hand Contact Duration 0.34 s ± 0.038 
2nd hand Contact Duration 0.35 s ± 0.45 
Time between hand contacts 0.057 s ± 0.058 
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Table A2. Complete average time order of ROBHS motion sequence and 
biomechanical stress events. 
The times of maximum and minimum joint angles, moments, torques, and distraction 
forces for both elbows, wrists, and shoulders were recorded relative to the time of 
maximum GRF z for the first hand contact. Key motion events are listed for the round-off 
(RO) and back handspring (BHS) portions of the entire ROBHS sequence beginning from 
initial approach to landing the back handspring. 
Event 
Relative 
Time (s) 
Minimum R Shoulder Angles Y -0.8298 
Minimum R hand Shoulder Angles X -0.5923 
Minimum L hand Elbow Angles X -0.5697 
Minimum R Shoulder Angles Z -0.55621 
RO: start to lower arms -0.3854 
Maximum R Wrist Angles X -0.3569 
Maximum R Shoulder Moment Y -0.2753 
Minimum L Shoulder Angles Z -0.2362 
Minimum L Shoulder Angles Y -0.1895 
RO: last foot planted  -0.1673 
Minimum R Elbow Moment Z -0.1333 
Maximum R Elbow Moment Y -0.1007 
Minimum R Shoulder Moment z -0.06801 
Maximum R Wrist Angles Y -0.05030 
Maximum L Elbow Moment Z -0.03364 
Minimum L Elbow Moment Y -0.002389 
RO: max 1st hand GRF z (1st hand contact) -0.001685 
Minimum R Wrist Angles Y 0.006986 
Minimum R Shoulder Force Distraction  Z 0.011847 
Minimum R Wrist Moment Z 0.01740 
Maximum L Elbow Force Distraction Z 0.02018 
Maximum L Elbow Torque Y 0.02331 
Maximum R Elbow Moment Z 0.02817 
Maximum L Wrist Force Distraction Z 0.04240 
RO: max 2nd hand GRF z (2nd hand contact) 0.04488 
Minimum R Wrist Angles X 0.075360 
Maximum L Shoulder Moment Z 0.07988 
Minimum R Elbow Torque Z 0.09206 
Minimum R Shoulder Moment Z 0.09588 
Maximum L Elbow Angle X 0.1046 
Maximum L Wrist Angles X 0.1056 
Minimum R Shoulder Moment X 0.1115 
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Maximum R Wrist Moment Z 0.1125 
Minimum L Wrist Moment X 0.1136 
Maximum L Shoulder Torque X 0.1146 
Minimum R Shoulder Torque X 0.1150 
Minimum R Wrist Force Distraction Z 0.1150 
Maximum L Elbow Torque Z 0.1219 
Maximum L Shoulder Torque Z 0.1233 
Minimum L Shoulder Moment Y 0.1233 
RO: 2nd hand flat 0.1450 
Maximum R Elbow Torque Z 0.1546 
Minimum R Wrist Moment X 0.1598 
Minimum L Shoulder Torque X 0.1615 
Maximum L Wrist Moment Y 0.1657 
RO: 1st hand flat 0.1665 
Minimum L Elbow Torque Y 0.1719 
Maximum R Shoulder Torque Z 0.1761 
Minimum R Elbow Torque Y 0.1792 
Maximum L Wrist Moment Z 0.1799 
Minimum R Elbow Torque X 0.1862 
Minimum L Elbow Moment Z 0.1865 
Minimum L Shoulder Moment Z 0.1955 
Maximum R Shoulder Force Distraction Z 0.2056 
Maximum R Elbow Moment X 0.2129 
Minimum L Elbow Torque X 0.2150 
RO: both hands on ground-arms rotate 0.21514 
Maximum R Shoulder Torque X 0.2323 
Maximum R Shoulder Moment X 0.2355 
Minimum R Shoulder Moment Y 0.2424 
Minimum L Wrist Angles Y 0.2469 
Minimum R Elbow Angles X 0.2483 
Minimum L Elbow Torque Z 0.2716 
RO: double hand push-off 0.2726 
Minimum R Elbow Moment Y 0.2768 
Minimum R Elbow Moment X 0.2872 
Minimum L Elbow Moment X 0.2928 
Minimum L Shoulder Moment X 0.2938 
Minimum L Wrist Force Distraction Z 0.2969 
Maximum L Shoulder Moment X 0.3006 
Maximum L Wrist Moment X 0.3007 
Minimum L Wrist Angles X 0.3056 
Minimum L Wrist Moment Z 0.3066 
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Maximum L Elbow Moment X 0.3077 
Maximum R Wrist Force Distraction Z 0.3115 
Maximum R Wrist Moment Y 0.3125 
Minimum R Elbow Force Distraction Z 0.3289 
Maximum R Wrist Moment X 0.3323 
Minimum L Shoulder Angles X 0.3396 
Maximum L Shoulder Angles Y 0.3483 
Maximum L Shoulder Force Distraction Z 0.3549 
Maximum L Shoulder Angles X 0.3667 
Maximum R Elbow Angles X 0.3702 
RO: in air  0.3777 
Maximum R Elbow Force Distraction Z 0.3803 
Maximum L Shoulder Moment y 0.3844 
Maximum L Elbow Torque X 0.3938 
Minimum L Wrist Moment Y 0.4084 
Maximum L Shoulder Torque Y 0.4087 
Minimum L Elbow Force Distraction Z 0.4112 
Maximum L Wrist Angles Y 0.4632 
Minimum L Shoulder Force Distraction Z 0.4914 
Maximum L Elbow Moment Y 0.4997 
Minimum R Shoulder Torque Y 0.5125 
Minimum R Wrist Moment Y 0.5132 
RO: feet land 0.5144 
Minimum L Shoulder Torque Y 0.5153 
Maximum R Elbow Torque X 0.5306 
Maximum R Elbow Torque Y 0.5334 
BHS: bend knees to start 0.5457 
Maximum R hand Shoulder Angles X 0.5573 
Maximum L hand Shoulder Angles Z 0.5719 
Maximum R hand Shoulder Angles Z 0.5723 
Maximum R hand Shoulder Torque Y 0.5820 
Maximum R Shoulder Angles Y 0.6396 
BHS: feet take off 0.6900 
Minimum R hand Shoulder Torque Z 0.7028 
BHS: mid-air to apex 0.7049 
BHS: hands vertical in air 0.8282 
BHS: legs horizontal 0.8707 
BHS: hands contact ground 0.8966 
BHS: legs vertical 0.9616 
BHS: hands leave ground 1.1100 
BHS: feet land 1.1463 
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